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Abstract 
Forest Management Decision Support Systems (FMDSSs) have long been used in the forest industry 
to assist in the planning process, mainly focusing on finances and timber production. The work 
presented in this thesis focuses on the development of a linear programming optimisation model 
(the ALTERFOR model), using the DSS Remsoft Woodstock. The ALTERFOR model was designed to 
include indicators for several Ecosystem Services (ESs), i.e. timber, carbon pools, windthrow risk, 
biodiversity, water quality, and cultural services, as well as impacts from climate change and 
dynamic timber assortment prices, based on global development scenarios. The scenarios that 
included greater efforts to mitigate climate change also included higher dynamic timber assortment 
prices, to represent the increased demand for timber resulting from an expanding bioeconomy. The 
Barony of Moycullen in county Galway, Ireland, was used as Case Study Area (CSA), and forest 
management actions commonly used in Ireland and management approaches specific to the CSA 
were identified and included in the ALTERFOR model, as well as the associated costs, wood prices, 
and all relevant forest policies and regulations.  

The ALTERFOR model was first used to find the biophysical ES provision ranges in the forest 
landscape, and to evaluate how different global scenarios will affect forest composition, forest 
management actions, Net Present Value (NPV) and ESs, based on current Forest Management 
Models (cFMMs). Alternative FMMs (aFMMs) were developed to address issues identified by 
stakeholders. The aFMMs were incorporated in the ALTERFOR model and the global scenarios were 
re-run to assess how they influenced ES provisions.  

The model resulted in several linked ESs being identified, where managing for one ES indicator 
always provided a high or low supply of the other ES indicators, and vice versa. For example, high 
timber harvest volumes coincided with lower total carbon storage (in the forest, in deadwood, in 
wood products, and due to carbon substitution), lower windthrow risk, and high P emissions, and 
vice versa. Interestingly, the dynamic assortment prices in the global scenarios had significantly 
higher impacts on forest management approaches and NPV than climate change itself. 
Implementing recently introduced environmental forest policy also impacted on the eligible 
management options, which led to forest composition changes, with large areas converted to 
aquatic buffer zones and most Sitka spruce replaced with lodgepole pine. The aFMMs were 
established on large areas in the CSA, and utilising combinations of cFMMs and aFMMs contributed 
to higher NPV, lower windthrow risk, more biodiversity, lower P emissions and higher recreation and 
aesthetic values – all ES provision changes that were considered beneficial. Although the aFMMs 
generally resulted in less timber production and carbon storage, it is likely that forest managers will 
use them in the future due to their many benefits. 

The customisability of Remsoft Woodstock allows the ALTERFOR model to be applied in other forest 
landscapes in Ireland with only minor modifications. The modelling framework presented in this 
thesis, with regards to ES indicators and global scenarios, can also be implemented in other 
countries in any Woodstock model with a profit maximisation objective. This is the first Irish study to 
combine such a broad range of ESs, climate change, dynamic assortment prices and alternative 
management approaches in a FMDSS. The ALTERFOR model can also be used to evaluate the 
impacts of introducing new forest policy and certification rules. 
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1 Introduction 

1.1 Sustainable Forest Management 
Concerns about supplying silver mines in Saxony, Germany, with charcoal, necessary for smelting 
ore, started the concept of sustainable forestry in 1713 (Hofer, 2009). This concept focused solely on 
a sustainable supply of timber, but other aspects would be incorporated into a concept that defines 
forestry as we know it today. Concerns about sustainable development and anthropogenic impact 
on the environment were incorporated into the concept of modern Sustainable Forest Management 
(SFM) which now includes economic, ecological, and social values, or as they are sometimes referred 
to, the three pillars of SFM. During the United Nations Conference on Environment and 
Development (UNCED), held in Rio de Janeiro in 1992, an issue to be dealt with was the protection of 
land resources, largely by combating deforestation (Mulloy, 1997). Several principles relating to 
sustainable development, including SFM, were defined and compiled into the action plan Agenda 21 
(Forest Europe, 1993; Mulloy, 1997). Some of the principles relating to SFM focuses on combating 
deforestation (ecological pillar), protecting and conserving biodiversity (ecological pillar), and 
strengthening the roles of indigenous people and local communities in forest planning (social pillar). 
During the Ministerial Conference on the Protection of Forests in Europe, in Strasbourg in 1990, 
several resolutions were adopted to protect Europe’s forests (Forest Service, 2000a). During the 
Second Ministerial Conference in Helsinki in 1993, it was agreed that the increasing future demands 
on Europe’s forests must be met with practices compatible with sustainable management and 
environmental conservation (Forest Service, 2000c). Tools for monitoring forest management were 
developed and criteria necessary to fulfil SFM at national level were decided at the Third Ministerial 
Conference in Lisbon in 1998 (Forest Service, 2000c). The criteria were improved in 2003 and 
updated in 2015; each criterion comes with a set of measurable indicators for monitoring the state 
of the European forests and to guide forest policy (Forest Europe, 2015):  

• Criterion 1: Maintenance and Appropriate Enhancement of Forest Resources and their 
Contribution to Global Carbon Cycles. 

• Criterion 2: Maintenance of Forest Ecosystem Health and Vitality. 

• Criterion 3: Maintenance and Encouragement of Productive Functions of Forests (Wood and 
Non-Wood). 

• Criterion 4: Maintenance, Conservation and Appropriate Enhancement of Biological Diversity 
in Forest Ecosystems. 

• Criterion 5: Maintenance and Appropriate Enhancement of Protective Functions in Forest 
Management (notably soil and water). 

• Criterion 6: Maintenance of other socioeconomic functions and conditions. 

The definition of SFM, according to the Second Ministerial conference in Helsinki: 
”“sustainable [forest] management” means the stewardship and use of forests and forest lands in 
a way, and at a rate, that maintains their biodiversity, productivity, regeneration capacity, vitality 
and their potential to fulfil, now and in the future, relevant ecological, economic and social 
functions, at local, national, and global levels, and that does not cause damage to other 
ecosystems” (Forest Europe, 1993). This definition was adopted by the United Nations (UN) (FAO, 
2000), with the addition that SFM should be a dynamic and evolving concept (FAO, 2019). 

 

 

  



2 
 

1.2  Ecosystem Services 
ESs are defined as goods and services that contribute to human well-being, and they are often 
categorised depending on how they affect human well-being (Reid et al., 2005). Human well-being 
depends largely on natural capital, the world’s stock of natural assets (e.g. forests, minerals, 
freshwater, wetlands, air, soil, living things), since the functions of natural capital results in the 
Ecosystem Services (ESs) we rely on (Turner & Daily, 2008). The main ES categories are provisioning 
(e.g. food, fresh water, fuel, wood and fibre), regulating (e.g. water purification, and regulation of 
climate, disease, and flood), cultural (e.g. recreational, spiritual, aesthetics, and educational), and 
supporting (e.g. nutrient cycling and soil formation) (Reid et al., 2005). The idea of ecosystem goods 
and services started as a way to communicate that human well-being is dependent on ecological 
processes (Daily, 1997). To raise public awareness in the 1970s and 1980s, the importance of 
protecting nature and conservation of important ecological habitats was framed in terms of 
economic loss (Gómez-Baggethun et al., 2010). The Millennium Ecosystem Assessment reported a 
rapidly accelerating decline of many ESs globally due to intensified natural resource management 
(Reid et al., 2005). The report made ESs a mainstream concept and caused a rapid growth in 
academic literature about ESs. It became recognised by policy-makers, and attempts were made to 
value ESs (Gómez-Baggethun et al., 2010). Quantifying the market value of timber and minerals are 
easy, but valuing non-marketed ESs, such as landscape aesthetics, nutrient cycling and water 
purification, has become increasingly common (Gómez-Baggethun et al., 2010). Humans often rely 
on these natural processes to happen and arguably, take them for granted, but the cost would be 
significant if they were lost and had to be artificially replaced (Costanza et al., 1997). A study by 
Costanza et al. (1997) found that the financial cost of artificially replacing ESs would be larger than 
the global GDP, without adding any additional human well-being. Valuing and comparing ESs 
between countries would rely on using consistent methodologies, but different methodologies are 
usually applied, making it questionable if the ESs can be compared (Biber et al., 2015; Nordström et 
al., 2019). However, utilising internationally uniform methodologies to assess ESs could result in 
reduced relevance of local landscape ESs (Nordström et al., 2019). Estimating the economic value of 
ESs over a long time horizon can be difficult since the financial value would increase if the ESs 
become more scarce, and vice versa (Costanza et al., 1997). Furthermore, ESs also have different 
economic values and importance in different regions, but those regional differences in ES values 
reflect reality. 

For forest managers, balancing the three pillars of SFM could be simplified by having a set of ESs 
attached to each SFM concept (Biber et al., 2015; Nobre et al., 2016). The economic aspects of SFM 
can be characterised by the provisioning ESs fibre production and non-wood forest products. 
Environmental aspects are characterised by biodiversity and water quality, and cultural aspects 
correspond to ESs such as recreation and aesthetics of forest landscapes. Quantifying ESs makes it 
possible to analyse trade-offs and interactions between ESs under different forest management 
approaches (Raudsepp-Hearne et al., 2010), both at a stand level and landscape level, which can be 
upscaled (or modelled) to analyse ESs trade-offs at the regional or global level.   

1.3 Origins of Management Science and Decision Support Systems 
Modern management science originates from the Second World War, when teams of military 
engineers, mathematicians and behavioural scientists solved strategic and tactical problems utilising 
scientific methods (Anderson et al., 2008). George Dantzig, the father of linear programming, 
invented the simplex method for solving linear programming problems in 1947 (ibid.) and 
implemented the first linear programming models on computers in the early 1950s (Power, 2007). 
Other pioneers who contributed to the development of computerised management science are 
Douglas Engelbart and Jay Forrester. Engelbart developed software in the mid-1960s capable of 
creating digital libraries for storing and retrieving hypertext (ibid.). Forrester was involved in 
developing one of the first Decision Support Systems (DSS) and a general simulation compiler in the 
early 1960s (ibid.). The term DSS was first used by Gorry and Scott-Morton in 1977, who argued that 
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it should be applied to information systems aimed at assisting in making unstructured decisions 
(Power, 2007). Following much research in the 1960s and 1970s, management science started to be 
implemented by corporations (Anderson et al., 2008). American Airlines increased their profits by 
forecasting and optimising the number of airline seats to sell at full fare and at a discount fare; this 
was done to stay competitive following deregulation of the airline industry in the late 1970s, which 
increased the number of competing airlines (Anderson et al., 2008).  

Decision making has become more complex due to the increasing number of alternatives (i.e. 
businesses operating on the global market), while it takes time to analyse and share vast amounts of 
data necessary for making those decisions. The introduction and adaptation of SFM has added lots 
of data to forest managers decision making processes, compared to pure sustained timber yield. The 
cost of making errors can be large, while continuous market changes cause uncertainty, and 
therefore decisions must be made quickly to respond to the current market conditions (Turban et 
al., 2005). Cognitive limit refers to our problem-solving capacity not being sufficient due to the vast 
amount of information that needs to be considered and the numerous alternative solutions (ibid.). 
Fortunately, the development and application of DSSs has been coupled with the development and 
improvements of computers, which has allowed for ever more complex managerial decision making 
(Power, 2007).  

Although there is no officially agreed definition of a DSS (Turban et al., 2005), in this thesis the 
definition by Keen and Morton (1978) is used:  

 “Decision support systems couple the intellectual resources of individuals with 
the capabilities of the computer to improve the quality of decisions. It is a 

computer-based support system for management decision makers who deal 
with semi-structured problems.” 

Crucial to utilising a DSS is to remember the importance of the supporting function; DSSs are meant 
to assist managers, not replace them and their judgment and decision-making capability (Turban et 
al., 2005). Recently there has been more emphasis on DSS inputs rather than outputs, possibly 
because the quality of the outputs can be difficult to measure (ibid.). No matter how sophisticated a 
DSS is, the outputs will be less supportive in the decision-making process if the inputs have low 
quality, and others will question the value of the output (Bettinger et al., 2017).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

1.4 Decision Support Systems in Forestry 
The term DSS in forestry is sometimes used to refer to anything from Excel workbooks that calculate 
NPV from a single stand, to Geographic Information System (GIS) software used for storing stand 
inventory data, to software used to model forest development based on management interventions, 
tree growth and natural mortality over long time horizons. This section refers to the latter type of 
DSS: software that model forest development based on management interventions, tree growth and 
natural mortality over long time horizons.  

Forest managers have used simulation and optimisation algorithms to help make decisions since the 
1960s (Eriksson & Borges, 2014). Since the 1980s, Forest Management DSSs (FMDSSs) have become 
popular for transferring scientific knowledge to practical forest management (Reynolds, 2005; 
Reynolds et al., 2008), resulting in over 100 computerised FMDSSs becoming available to forest 
managers (Eriksson & Borges, 2014). The variety of FMDSSs reflects that varying physical and social 
conditions around the world requires different FMDSSs to deal with regional forest management 
problems, regional forest management systems, regionally specific species, and regional socio-
ecological conditions. FMDSSs were initially developed to deal with sustainable timber yield and 
optimal harvest scheduling (Eriksson & Borges, 2014; Nobre et al., 2016). Multiple uses and benefits 
from forests have become recognised through SFM in recent decades, driving development of 
modern FMDSSs to include, inter alia, ESs (e.g. biodiversity, cultural values, carbon balance), disease, 
pest and windthrow damage, climate change effects on forests, impact on water quality, and input 
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from multiple stakeholders (Eriksson & Borges, 2014; Vacik & Lexer, 2014; Biber et al., 2015; Nobre 
et al., 2016). Timber production or NPV remains the focus of most FMDSSs (Reynolds et al., 2008; 
Bettinger et al., 2017), but inclusion of ESs is important for state agencies and forestry companies to 
ensure compliance with SFM and to analyse trade-offs between ESs as a result of different forest 
management approaches (Biber et al., 2015; Nobre et al., 2016; Orazio et al., 2017; Nordström et al., 
2019).  

Forestry DSSs can assist managers in choosing the best feasible option to balance the three pillars of 
SFM, analysing the impacts of new forest policies, or analysing new management approaches. To 
highlight and understand the benefits of FMDSSs, consider this timber-focused operational forest 
manager’s dilemma:  

The objective is to maximise profit from delivering harvested wood products, from several spatially 
separated harvesting areas, each producing numerous assortments that can be delivered to multiple 
internal and external destinations (sawmills, pulp mills, ports, lumberyards, etc.). Mill-gate prices 
vary by assortment and destination, and the mill-gate prices are constantly changing for all 
destinations. It is impossible for the human mind without support systems to determine the optimal 
allocation programme that maximises profit. Add in constraints: 1) to ensure certain mills are 
supplied with a minimum volume of multiple assortments (to satisfy contracts with external 
processing plants or to ensure the supply of internal processing plants), 2) that certain levels of ESs 
are supplied, 3) compliance with certification rules and SFM requirements - the already impossible 
task becomes even more difficult.  

1.4.1 Temporal hierarchy levels of forest management planning 
In forest management planning, the length of the planning horizon, the detail of the plan, and the 
focus of the plan are often categorised in three hierarchical levels: strategic (from 0 to 40 or 100 
years depending on species), tactical (3 - 10 years), and operational (weekly to a year) (Bettinger et 
al., 2017). Using timber supply as an example, strategic planning often focuses more on the 
sustainable long-term deliver of timber, given policy constraints, than on the spatial location of 
potential harvestable areas. This level of planning is often performed centrally at a forest company 
and it is also suitable for analysing forestry impacts on ESs over the long time horizon (Biber et al., 
2015). Tactical planning is a regional activity that often involves spatial criteria for which stands 
should be aggregated to form harvesting blocks, consideration of adjacent clearcuts and whether 
said blocks are to be harvested during winter or summer (Bettinger et al., 2017). Operational 
planning deals with the fine details of harvesting and wood deliveries (e.g. which machines and 
crews to use) on a weekly, monthly or yearly basis (Epstein et al., 2007). Factors such extreme rain 
and snow events, machine breakdowns, delays in road building and maintenance can heavily impact 
the operational plan; it is therefore important that the operational plan is flexible and constantly 
updated. 

1.4.2 Single tree models and stand models 
There are two predominant ways to simulate forest development through growth, mortality, and 
management interventions; single-tree models and stand models (McCullagh & Nieuwenhuis, 2015).  
 
Single tree models are often based on biophysical processes that utilise detailed mensuration data 
about the trees, i.e. height, diameter, canopy size etc., and their spatial location to simulate inter-
tree canopy light competition (Bettinger et al., 2017). Dominant and co-dominant trees have 
potential to grow more, and suppressed trees grow less and have a higher change of mortality. 
However, single tree models can also use empirical models, based on large data sets. Some 
examples of FMDSSs that use single-tree models include the Slovakian SIBYLA (Fabrika & Dursky, 
2005), the German SILVA (Pretzsch et al., 2002), and Austrian MOSES (Hasenauer et al., 2006). The 
sum or average of the metrics for all modelled trees can be used to represent stand-level 
information. 
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Stand models often utilise yield tables or empirical models to present stand data. Yield tables are 
often based on fully stocked stands and stratified for site quality (productivity or YC) and 
management history (Bettinger et al., 2017). Empirical models use algorithms, based on many test 
sites, to predict stand development given certain management options. There can be distortions 
between growth projections and actual stand metrics if stand management and site quality diverts 
from the stands that the empirical data are based on (Davis et al., 2001). FMDSSs that utilise yield 
tables must adhere to the management those tables were developed for, e.g. the British Forestry 
Commission (BFC) yield tables (Edwards & Christie, 1981). Dynamic growth and yield models are 
produced using empirical algorithms to allow for different management approaches and intensities. 
GROWFOR (Purser & Lynch, 2012) is one such dynamic growth and yield model which is based on 
Irish tree data and allows for different starting conditions in terms of age and stocking as well as 
different thinning prescriptions, for several conifers used in Irish forestry. BFC yield tables are still 
largely used in Ireland, despite the BFC yield tables overestimating cumulative volume production 
compared to the dynamic GROWFOR model, and the fact that many Irish foresters thin with lower 
intensity than the static BFC yield tables were developed for (McCullagh et al., 2013).  

Stand level models use stand level data as input, but usually ignore much of the detail of single-tree 
models (Ritchie, 1999), and are very suitable for stand based management systems, such as 
clearfelling systems. Tree information in stand level models, e.g. height, average tree, and diameter 
distribution, can be estimated using Weibull curves, but stand level models are not as reliable as 
single-tree models when modelling mixed species stands, however, they are very easy to use 
(Sironen et al., 2001). Single tree models are typically used to modelling mixtures and continuous 
cover forestry management systems, where there is more focus on the individual tree. The stand 
models used in Ireland, i.e. BFC yield tables and GROWFOR yield tables, cannot be used to model 
mixtures since their input data was based on even-aged monocultures. 

1.4.3 Spatial planning scale 
Forest management planning can be done at several different spatial levels; tree, stand, forest, and 
landscape (Kaya et al., 2016). Tree level refer to when and how a tree should be harvested. Certain 
high-quality hardwood species can yield a high revenue, making this level of planning appropriate. 
Stand level planning deals with when a stand should be subjected to management intervention, 
often to maximise NPV or volume (Bonsu et al., 2019). Forest and landscape level planning are 
similar in that they both contain several stands. Forest level is only interested in forest areas and 
usually include a single owner, where landscape planning does include gaps, i.e. other land-use are 
included, and there are often several owners to consider (Kaya et al., 2016). Due to its inclusiveness, 
landscape planning is more suited to evaluating ESs, as areas other than production forest are 
considered (Nobre et al., 2016; Orazio et al., 2017). Many FMDSSs can deal with spatial constrains in 
planning, but despite this the landscape aspect of many FMDSSs is simply the sum of all stand values 
– with the effects of borders and land-use fragmentation often needing more thorough 
consideration and investigation outside of the DSS (Rauscher, 2005).  

1.4.4 Spatial and non-spatial forest management planning 
In non-spatial planning, it is common to investigate the amount of timber that can be harvested over 
time at the strategic level. Spatial specificity is an important aspect of implementing forest 
management planning, at least at the tactical and operational level (Baskent & Keles, 2005). Forest 
policy, certification requirements, and organisational policy often cause constraints on forest 
management (Bettinger & Sessions, 2003). Adhering to green-up rules (time before an adjacent 
stand can be clearfelled), restricting the contiguous clearfelling area, and maximum annual 
harvesting area (within a catchment) are some of the most common spatial planning constraints 
where FMDSSs are utilised (Bettinger & Zhu, 2006). However, spatial constraints can also be utilised 
to maintain suitable wildlife habitat areas and connectivity within a forest management plan. 
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Murray (1999) described two spatial planning concepts: the unit restriction model and the area 
restriction model. Green-up rules and contiguous clearfelling area limits represent unit restriction 
model problems, since actions in a stand can affect operability of actions in a neighbouring stand 
(Eriksson & Borges, 2014). The windthrow susceptibility of a stand is another example of a unit 
restriction model problem, since clearfelling of one stand tends to increase windthrow susceptibility 
in adjacent stans (Meilby et al., 2001; Forsell et al., 2011). Maximum annual harvesting area is an 
example of the area restriction model, where harvesting a stand does not restrict harvesting of 
neighbouring stands, as long as the maximum annual harvesting area within the planning zone has 
not been reached (Eriksson & Borges, 2014). Spatial constraints can also be implemented outside of 
the simulation or optimisation process by restricting forest management prescriptions in sensitive 
areas (Nalli et al., 1996). Spatial planning is not only about restricting harvesting, it also concerns 
grouping of nearby stands for thinning and harvesting to make better use of available machinery and 
closeness to roads. Spatial optimisation techniques have been applied in Ireland to minimise 
harvesting costs of forests and transportation costs from forest to processing plants (Nieuwenhuis & 
Williamson, 1993).  

Although it is often considered beneficial for wildlife and the aesthetics of a forest landscape to 
spread clearfelling areas in both time and space (Bettinger et al., 2017), there are concerns regarding 
increasing forest fragmentation and forest edge effects (Tarp & Helles, 1997). Spatial planning 
techniques can be utilised to determine the habitat suitability and availability for multiple wildlife 
species, based on future harvesting operations (Kurttila et al., 2002). Preserving a certain area of old 
forest can result in fragmented areas if the selection of areas to preserve does not accounting for 
spatial location of those areas. Fragmented old growth forests can lack the proper interior 
conditions that biodiversity dependent on old growth forest require. Öhman and Wikström (2008) 
addressed this issue of old growth forest fragmentation by incorporating spatial constraints on the 
length of old forest perimeter in long-term planning.  

1.4.5 Simulation and Optimisation 
The two main ways to solve forest management problems with a FMDSS are simulation and 
optimisation. Simulation uses a pre-defined sequence of actions to manage forest stands and reports 
the outcome over the planning horizon. Optimisation uses several available actions, and given an 
objective and constraints, reports the optimal sequence of actions to implement in order to achieve 
the goal (Baskent & Keles, 2005). In other words: with simulation you know the path, but not where 
you will arrive; in optimisation you know where you want to arrive, but not the path. The benefit of 
optimisation techniques is that it provides an optimal solution, and the main focus of FMDSSs is 
often timber production or NPV (Reynolds et al., 2008; Bettinger et al., 2017), irrespective of 
whether they operate using simulation or optimisation (Nordström et al., 2019). 

The German SILVA (Pretzsch et al., 2002), Slovakian SIBYLA (Fabrika & Dursky, 2005), and European 
EFISCEN (Sallnäs, 1990) are FMDSSs that utilise simulation. The Portuguese SaDflor (Borges et al., 
2003), Swedish Heureka (Wikström et al., 2011), and Canadian Remsoft module Woodstock 
(Walters, 1993) utilise optimisation to solve problems. However, the latter three FMDSSs all have 
the option to run simulations too, depending on DSS configuration.  

Another FMDSS that utilise simulation is LandClim (Schumacher et al., 2004). Unlike many of the 
previously mentioned FMDSSs, LandClim was not developed to address forest management 
problems. LandClim focuses on heuristic modelling of forest landscapes by incorporating forest data, 
soil maps, fire risk models, current climate and climate change data, to simulate forest dynamics 
over centuries (Pretzsch et al., 2008). The interesting output of such simulations is the analysis of the 
dynamics of forest structure under various climate change scenarios to better understand the 
impact of disturbances on forest ecosystems, which could lead to (alternative) management 
approaches to establish more resilient forests for the future.  
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Tiernan (2003) developed techniques to maximise NPV based on optimal thinning rotation, 
clearfelling year, and distribution of harvesting blocks. Linear programming optimisation can 
produce impressive NPV increases at the strategic planning level, compared to manual harvest 
scheduling. However, these solutions can result in impractical and infeasible schedules for 
operational and tactical planning (Tiernan & Nieuwenhuis, 2005). Mixed-integer programming (MIP) 
can be utilised to find more feasible harvest schedules that increase NPV, but also incorporate SFM 
compliance in forest management planning (Nieuwenhuis & Tiernan, 2005).  

1.5 Linear Programming 
Linear programming is a problem-solving approach that has become widely used ever since George 
Dantzig invented the simplex method for solving linear programming problems in 1947 (Anderson et 
al., 2008). Linear programming is a form of mathematical programming, which uses mathematical 
models to describe a system, or problem, in order to quantitively find an optimal solution. Common 
to solving linear programming problems is the optimisation of an objective by either maximising (e.g. 
profit, production output) or minimising (e.g. cost, production loss) a linear function given a set of 
linear constraints (e.g. production time, available materials) (Bettinger et al., 2017). Managerial 
problems have been solved with linear programming in several different fields, such as airline fleet 
route assignment, nautical logistics, nutritional requirements for animals, and natural resource 
management planning (Anderson et al., 2008). 
  
Decision variables are central to linear programming and represent the quantities decision makers 
need to determine using optimization techniques. There are often multiple solutions to a problem, 
but the optimal solution of a maximisation problem is one where the decision variables produce the 
highest value for the objective function (Bettinger et al., 2017). For a minimisation problem, the 
optimal solution is one where the decision variables result in the lowest possible value for the 
objective function. One drawback of using linear programming is that the objective function and 
constraints must be linear (Bettinger et al., 2017). However, many real-life relationships are non-
linear, thus approximate linearity is often assumed to make the model work since many problems 
can be broken down into several components with linear relationships (Anderson et al., 2008). 
Constrains in a linear programming model bound the solution to the feasibility region, and within 
this feasible region the best solution can be found. Issues can arise when the constraints do not 
allow for a feasible solution. For problems in natural resource management with long time horizons, 
the optimal solution is rarely fully implemented. Changing prices and cost, weather conditions that 
make a harvest impossible, or disturbances that reduce the standing volume can make the optimal 
solution unattainable. The emphasis should be on the supporting aspect of a DSS, as valuable 
information regarding trends and trade-offs between various decisions can still be gained from using 
linear programming.    

Although linear programming is a powerful method of optimising NPV for a landowner in a strategic 
forest management plan, the reality is that spatial considerations must be included at the tactical 
and operational level of forest management planning (Kaya et al., 2016). This is due to 
beforementioned issues, i.e. to ensure large enough harvest areas for efficient use of harvest 
machinery and wood trucking, to reduce wildlife habitat fragmentation, to reduce contiguous 
clearfelled area, etc. There are extensions to linear programming that can be utilised in FMDSSs to 
deal with more complex problems: spatial specificity problems can be solved using mixed-integer 
programming and integer programming, problems where multiple objectives are involved can be 
solved using goal programming. 

1.5.1 Integer programming and Mixed-Integer programming 
Integer programming (IP) and mixed-integer programming (MIP) are linear programming 
formulations where all (IP) or some (MIP) of the decision variables are restricted to integer values 
(Baskent & Keles, 2005; Kaya et al., 2016). In forestry, these variables are often used to restrict 
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harvesting of adjacent stands to prevent a large contiguous clearfelling area (Baskent & Keles, 2005). 
In a wider context, IP and MIP optimisation can be used to determine how many items to 
manufacture (Anderson et al., 2008) or how many machines or trucks to assign to a particular 
operation. Using IP and MIP to solve spatial-problems with many planning periods, stands, and 
green-up periods can result in problems too large to solve (Bettinger et al., 2017). The number of 
constraint variables required to express all the relationships increases exponentially as the number 
of periods, stands, and green-up periods increases (Lockwood & Moore, 1993). Technological 
improvements continue to make computers more and more powerful, allowing us to solve evermore 
complex IP and MIP problems. However, even if complex modelling problems are solvable, 
computing time to find an optimal solution may be excessive (Baskent & Keles, 2005).  

In a study by Öhman and Wikström (2008), MIP was used to optimise the NPV of a forest in northern 
Sweden, while maintaining old growth forest in a strategic forest planning problem. Ensuring that 
the solution favoured clustering of old growth forest into large contiguous areas increased the solve 
time, but the long solve time was due more to harvest volume evenness constraints than to the 
spatial constraints. Fonseca et al. (2012) developed an IP model that maximised harvest volume 
(using integer values for harvested volume) from forests in Northern Portugal that are co-managed 
by the Forest Service and local communities. The model contains several constraints that can be 
excluded or included, depending on preferences of the local community and thus generates several 
different management plans. Some of these constraints guarantee income at least every other year, 
minimum harvested volume, minimum and maximum allowable felling ages, and the prioritisation of 
dense stands for thinning or clearfelling.   

1.5.2 Goal Programming 
Goal programming (GP) can be used to solve problems with multiple conflicting goals in the 
objective function (Field, 1973). The most commonly used form of GP to solve forestry problems is 
weighted GP (Diaz-Balteiro et al., 2012). The objective function in weighted GP seeks to minimises 
the sum of unwanted deviations for a set of goals that can be weighted differently (Kaya et al., 2016; 
Bettinger et al., 2017). Thus, a solution is always feasible even if the solution includes large 
deviations for some of the goals (Bettinger et al., 2017). Weighting the goals differently allows the 
resource manager to prioritise which goals are more important than others, but the weighting can 
also account for differences in the units used to measure the goals. For example, comparing harvest 
volume in m3 to biodiversity area in ha at a 1:1 ratio is, arguably, unbalanced weighting. It can be 
difficult to define and set weights for the goals which can cause the solution to differ from the 
desired optimum when GP is used to deal with management of public resources (Dyer et al., 1979). 
Lexicographic GP (the second most common form of GP) includes weights but the goals are also 
ordered based on their priority (Diaz-Balteiro et al., 2012). Thus, lexicographic GP does not allow for 
any trade-offs between goals at different priority levels (ibid.). The author notes the importance of 
not setting too many priority levels, as inflexibility in optimally solving a higher ranked goal makes 
lower ranked goals in the model redundant.  

Corrigan and Nieuwenhuis (2017) used GP to evaluate a set of potential futures with changed 
management policy and their impact on a partially forested landscape in Ireland. Using GP, it was 
possible to identify potential futures where it was beneficial not to reforest land as the increase in 
biodiversity was valued higher than the reduction in NPV. Although it may not provide an optimal 
management plan, GP can be useful in identify important trade-off between ES that would not be 
identified by using LP to maximise NPV. In Corrigan and Nieuwenhuis (2019), GP and backcasting 
were used to evaluate policies that stakeholders had identified as potentially leading to the desired 
futures.    

1.6 Remsoft Spatial Planning Software 
 The company Remsoft was founded in 1992 in Fredericton, New Brunswick, Canada (Remsoft, 
2019d). Their software package, which is also named Remsoft “use data analytics to generate 
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precise operational plans and schedules along with long-term strategies that help businesses improve 
performance and productivity” (Remsoft, 2019c). Remsoft (the software package, which Remsoft will 
refer to from this point) is currently utilised by 146 clients in 15 countries to manage over 202 
million ha of forest (Remsoft, 2019a). Initially aimed at optimising strategic forest planning for 
timber harvesting, the scope of Remsoft has grown to include tactical forest planning for optimal 
grouping of harvesting areas, optimal allocation of harvested timber assortments, and operation 
planning to increase efficiency in harvesting crew scheduling. The flagship of Remsoft is Woodstock, 
the module utilised for strategic forest planning. Woodstock has the capacity to utilise both 
simulation and optimisation techniques, such as the previously mentioned linear, goal, and mixed-
integer programming.  

The Remsoft software package is often utilised by its clients to maximise the revenue from managing 
their forests. However, forest managers must adhere to SFM practice, forest policy, certification 
rules and address forestry related conflicts. Remsoft can be utilised for assessing ESs such as carbon 
stocks, endangered species habitat and biodiversity (Remsoft, 2019b). The spatial planning package 
Stanley has been utilised to identify spatial planning solutions that optimise timber harvesting 
revenue while providing and maintaining habitat for wildlife in north-western Ontario, Canada 
(Kaufrilann, 2000). Additionally, Remsoft has been utilised by the New Brunswick Department of 
Transportation (now Department of Transportation and Infrastructure) which resulted in a change of 
their “fix the worst first” road maintenance policy to manage the New Brunswick infrastructure 
(Feunekes et al., 2011). The optimal time to maintain a road (cost per percentage deterioration) was 
determined with linear programming and additional cost savings were made by grouping road 
maintenance projects that were adjacent. The new maintenance plan would cost $2.2 billion over 
20-years, compared to $3.6 billion using the “fix the worst first” policy. 

1.7 History of Forestry in Ireland 
1.7.1 Predating the last ice-age 
Over the last million years, Europe has experienced several ice-ages, these were part of a cyclical 
process; ice melting was followed by colonisation of flora and fauna, and then covered by ice again. 
Although we know little of the forest that prevailed between these ice-age periods, the moving 
sheets of ice are significant in terms of breaking down bedrock into finer particles, i.e. sand, silt and 
clay, and moving soil particles across the landscape. This repeated grinding process contributed to 
additional soil particles where plants could propagate, grow and as a result, different soils formed. 
Fossil remains found in Europe from the period predating that of the last ice-age indicates a much 
more diverse combination of native tree species than European forests have today (Mitchell & Ryan, 
1997). Many tree species considered to be native to North America today were found on European 
soil during previous interglacial periods, e.g. Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) and 
redwood trees (subfamily Sequoioideae) (Mitchell & Ryan, 1997). The higher tree species richness 
found in North-America today, compared to Europe, is believed to be the result of the east-west 
orientation of the European mountains (the Alps, the Carpathians, the Caucasus and the Pyrenees), 
essentially making it difficult for trees to migrate south as the climate cooled (Chapman et al., 2005). 
The Rocky Mountains and Appalachians in North America are oriented north-south and do not 
hinder tree migration to the same extent. 

1.7.2 Post-Ice age and natural reforestation 
When the ice from the last ice-age started to recede about 13,000 years Before Present (BP), juniper 
(Juniperus sp. L.) rapidly colonised Ireland, forming extensive scrub woodlands by 10,000 BP. Early 
woodlands comprised of birch (Betula sp.), aspen (Populus sp. L.), and willow (Salix sp.) were 
established through natural seed dispersion by 9,500 BP. The climate became warmer and over the 
next thousand years, more tree species colonised Ireland through the land bridges that connected 
Ireland and Britain with the continent at the time. Tree species such as ash (Fraxinus excelsior L.), 
horse chestnut (Castanea hippocastaneum L.), elm (Ulmus L.), alder (Alnus sp.), hazel (Corylus 

https://www2.gnb.ca/content/gnb/en/departments/dti.html
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avellana L.) and Scots pine (Pinus sylvestris L.) naturally spread from the east and analysis of oak 
(Quercus sp. L.) DNA haplotypes suggests that it spread northwards from Iberia (Kelleher et al., 
2004). The first humans moved to Ireland over the land bridges about 9,000 BP, but being mainly 
Mesolithic hunters and gatherers, they had little influence on the forest landscape (Neeson, 1991).  

Eventually rising sea level submerged the land bridges around year 8,000 BP. Beech (Fagus sylvatica 
L.), hornbeam (Carpinus betulus L.), sycamore (Acer pseudoplatanus L.) and lime (Tillia sp L.) did not 
manage to reach Ireland before the land bridges were submerged. During the climatic optimum 
6,000 BP, the majority of Ireland was covered with broadleaf forests; oak and elm dominated in the 
lowland with Scots pine occupying the less productive wet and dry sites (OCarroll, 2004). Around the 
same time the Neolithic age arrived in Ireland, resulting in anthropogenic forest clearings to make 
way for agricultural land to feed increasing populations (Fitzpatrick, 1965; Neeson, 1991; OCarroll, 
2004) 

The climate subsequently became wetter and by 4,000 BP, most higher elevation areas in Ireland 
were waterlogged for most of the year. This created favourable conditions for Sphagnum species, 
beginning the formation of blanket peat1. The Bronze Age and Iron Age meant that new farming 
techniques and metal tools could be adopted, which led to more efficient clearing of forests 
(Fitzpatrick, 1965; Neeson, 1991; OCarroll, 2004). Pollen analysis has revealed forest removal and re-
colonisation cycles until about 1000 years BP. 

1.7.3 Viking invasion and Norman conquest 
Vikings arrived in Ireland in the 9th century. They set up winter-camps during their raids which 
eventually grew into trading centres which became the first towns in Ireland, most famously Dublin, 
Wexford, Waterford, Cork and Limerick. Olsen and Crumlin-Pedersen (1978) analysed the growth 
rings of a Viking ship found in Roskilde, Denmark, in the 1960s and determined that Irish oak was 
used to build it. Between 1168 and 1171, the Norman nobility in England launched several invasions 
to Ireland and controlled large parts of the island by the 1300s. After conquering new lands, the 
Anglo-Norman lords often brought Welsh, Flemish and Norman settlers (Orpen, 2011). The 
population increased and more woodlands were cleared as growing populations required more 
agricultural land and timber (Forest Service, 2008b). The Normans introduced rabbit (Oryctolagus 
cuniculus L.) and fallow deer (Dama dama L.) to Ireland, which combined with the agricultural focus 
on livestock grazing has made natural tree regeneration very difficult in Ireland (OCarroll, 2004). 

1.7.4 Cromwellian conquest, Plantations, Industrialisation, and Famine 
It is estimated that by the start of the 17th century, approximately 12% of Ireland was covered with 
forests (DAFF, 1996), similar to the present forest cover but with different species composition. After 
the English invasion in the 17th century, the area of Irish forest declined severely, leaving a forest 
cover of 1% in 1700 (Huss et al., 2016). The decline has been attributed to industrialisation, 
establishment of plantations and population growth (Huss et al., 2016): 

• Industrialisation sped up deforestation as the British navy required timber (mainly oak) for 

shipbuilding (Neeson, 1991). Merchants also built ships in Ireland (Renou & Farrell, 2005). 

Charcoal was used in improved furnaces for glass production and iron smelting (Fitzpatrick, 

1965; Neeson, 1991). There was an increased wood demand for barrel production, many 

being exported to France and Spain as wine barrels (McCracken, 1971). 

• Plantations were established as the English monarchs granted Irish land to settlers from 
Great Britain. Following both the Tudor conquest and the Cromwellian conquest, much land 
became available, either by prior tenants being expelled or perishing from war (Neeson, 
1991). Many Welsh, Scottish and English settlers were brought to Ireland (Forest Service, 
2008b) and they cleared large areas of land for pastures and crop production (Neeson, 

 
1 Classification of peat types and their formation is explained further in 1.8.2.1. 
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1991). Colonisation of the Americas meant that Ireland’s deep-water ports became valuable 
and large-scale food production was initiated to support newly established overseas colonies 
(Forest Service, 2008b). 

• Following the increased food output from plantation establishment, the Irish population 
increased four-fold between 1700 and 1850, placing an even higher demand on agricultural 
land (Forest Service, 2008b). The increasing population also required wood for construction 
of houses and buildings, and for various utility items such as carts, wagons, ladders, tool 
handles, and kitchen utensils (Neeson, 1991). 

OCarroll (2004) reports that the shortage of wood caused ironworks to cease in the early 18th 
century. Because of the rapid decline in forest cover, the idea of sustainable timber supply 
developed on the European continent in the 1700s (Hofer, 2009) and there were attempts to restore 
woodlands in Ireland. In the 1740s, the Royal Dublin Society issued prizes and grants for the 
establishment of woodlands which resulted in broadleaf planting, mainly by large estate owners 
(Fitzpatrick, 1965; Neeson, 1991; OCarroll, 2004). 

In 1845, the potato blight (Phytophthora infestans (Mont.) de Bary) outbreak on the island of Ireland 
caused the Great Famine. Of the islands’ 8 million inhabitants, about 1 million people starved to 
death and another 1 million migrated in a 7-year period (Ross, 2002). Migration continued for over a 
century and between 1841 and 1962 the population (in what is now the Republic of Ireland) 
dropped from 6.5 million to 2.8 million (Central Statistics Office, 2016). Many went to North 
America. The severity of the famine was partly caused by the earlier rapid population growth in the 
decades leading up to it, and inheritances splitting farmsteads and tenancies into ever smaller 
parcels, reducing the margins at which the food required for sustenance could be produced 
(OCarroll, 2004). The opinion arose that woodlands were a waste of land and something the wealthy 
gentry used for hunting and recreation (Ní Dhubháin & Wall, 1999). When the series of Land Acts 
were enacted in the 1881, estate land was transferred to tenant farmers. This often resulted in 
remaining woodlands being liquidated by the estate owners, often to their dismay as woodlands 
were a status symbol (Neeson, 1991). Travelling sawmills went around the country, they bought and 
felled large areas of woodlands (Fitzpatrick, 1965). Remaining woods were often comprised of poor 
quality trees and had insufficient stocking (OCarroll, 2004). If the estate owners did not fell 
woodlands, the Land Commission (responsible for land transfers) or new owners often felled them 
to fund the land transfer, the smallholding farmers were often of the opinion that agricultural land 
was more preferable (Huss et al., 2016). 

1.7.5 Modern forest history and Afforestation 
In the year 1908, only 1.41% forest cover remained on the island of Ireland, or 119,417 ha (OCarroll, 
2004). To establish a domestic timber and fuel supply, a committee in 1908 recommended that the 
island of Ireland required at least 400,000 ha of woodland and that state involvement was necessary 
to reach the goal (OCarroll, 2004). Fuel shortages in the British islands during WW1 meant that the 
remaining woodlands were harvested for fuel and left in a scrubby state. Thus, the importance of a 
national strategic reserve became more evident. When the Irish Free State (presently known as the 
Republic of Ireland. Henceforth in this document Ireland refers to the Republic of Ireland) gained 
independence in 1922, the national forest estate was only about 7,000 ha (Huss et al., 2016). The 
afforestation programme that started in the early 1900s and continues today can roughly be divided 
into two entities; state afforestation, 1922-1989, and private afforestation, 1989-present day (Figure 
1). During the 1980s and 1990s there was both state and private afforestation, the year 1989 divides 
the entities due to the introduction of annual afforestation grants. 



12 
 

 

Figure 1. Public and private afforestation 1922-2018, by annual afforestation and cumulative afforestation (Forest Service, 
2019). 

1.7.5.1 State afforestation 
In 1925-1926, the Minister of Agriculture wrote in his annual report: “The Department do not desire 
to acquire for afforestation land fit for agricultural purposes which might be capable of being used to 
form new holdings or enlarge existing ones” (Gray, 1963). It was decided that afforestation would be 
confined to the hills and dregs of the land. In 1928, a revised forestry act was introduced that meant 
afforestation grants would be paid to farmers who chose to afforest their land. Felling trees required 
approval by the Forest Service and felled areas had to be replanted (Neeson, 1991). 

Afforestation increased in the 1930s. Due to a British trade embargo on Irish exports, many farmer’s 
economic hardship resulted in them having to sell their land (Huss et al., 2016). During the Second 
World War, demand for timber rose and further degradation of the national forest estates ensued 
(Forest Service, 2008b). Much private forest land was sold to the state after clearfelling to bypass 
the reforestation requirement, however the afforestation area declined due to seed shortages 
(Fitzpatrick, 1965), and the importance of a national timber reserve became apparent again (Forest 
Service, 2008b).  

The annual afforestation area was small in the first few decades and species choice mainly focused 
on Scots pine, larch (Larix sp.), Norway spruce (Picea abies (L.) H. Karst.), Douglas fir and oak 
(OCarroll, 2004). In the 1950s, new site preparation techniques were developed in the UK that 
allowed drainage and planting of peatland (Fitzpatrick, 1965; OCarroll, 2004). The introduction of 
large-tracked vehicles to pull ploughs and large inexpensive quantities of phosphatic rock fertiliser 
secured crop establishment on vast areas of peatland (Renou-Wilson & Byrne, 2015). Lack of soil 
phosphor is a primary reason why the 1890s tree planting trial, comprising 2.4 million seedling of 26 
different species, at Knockboy Hill in Connemara failed (OCarroll, 2004).. However, the seedlings 
destined for Knockboy Hill were treated very poorly, being exposed to the Atlantic sea-spray for 
many days before planting (Fitzpatrick, 1965). Blanket peat land was readily available and cheap to 
acquire. The fast-growing North American conifer Sitka spruce (Picea Sitchensis (Bong.) Carr.) was 
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favoured for its high yield class (YC) on a wide range of site types (Renou & Farrell, 2005; Forest 
Service, 2008b; Huss et al., 2016). Lodgepole pine (Pinus contorta Douglas) was planted on the least 
productive sites. Fast growing conifers would help to secure a national wood reserve quicker and it 
should be noted that their dominance in the state afforestation programme reflects the quality of 
available land (OCarroll, 2004). State funded afforestation had important social implications since 
much of the planting happened in disadvantaged areas, where many jobs were created (Neeson, 
1991). 

In 1973, Ireland joined the European Economic Community (EEC) and gained full membership in 
1978. This brought three major changes to Irish forestry:  

1) The ECC highlighted the importance of environmental and wildlife protection and the Forest 
Service changed name to the Forest and Wildlife Service. The broad scope of the Forest and 
Wildlife Service made it difficult to operate so in 1988-1989 it was divided into three 
organisations: The Forest Service, responsible for implementing the forestry act and 
supporting private forestry, National Parks and Wildlife Service, responsible for nature 
protection and environmental conservation, and Coillte Teoranta (Irish for Woods Limited, 
but called The State Forestry Board Ltd. at the time, henceforth referred to as Coillte) 
responsible to commercially manage the national forest estate (OCarroll, 2004). 

2) The introduction of the EEC Common Agriculture Policy (CAP) increased the value of private 
farmland which made it difficult for the state to acquire new affordable land for 
afforestation (Neeson, 1991). State afforestation continued on land acquired previously (the 
plantable reserve), but the annual state afforestation area started to decline (Huss et al., 
2016). In 1996, the European Commission (EC) deemed Coillte ineligible for receipt of 
afforestation premia since they were a public entity (Bacon 2004) and by 2006 all State 
planting was done for reforestation only (Huss et al., 2016). 

3) Increased private afforestation grants with annual payments that drastically increased the 
area of private afforestation. 

1.7.5.2 Private afforestation 
Private afforestation grants had only incentivised private land-owners to establish 10,192 ha of 
forests in their 50 years being available since 1930 (Forest Service, 2008b). The Western Package 
afforestation scheme was introduced in 1981, it aimed to improve farm economy by incentivising 
afforestation on land unsuitable for agriculture (Redmond et al., 2003). Private afforestation had 
little uptake in the 1980s, but in 1989 annual premium pay-outs were included in the afforestation 
schemes. Subsequently more grants were introduced in 1993 and 2000, shifting focus in favour of 
native species forests, broadleaf forests and forests for environmental protection purposes (Huss et 
al., 2016). The grants were initially aimed at farmers who wished to change their land-use from 
marginal farming to forestry, but non-farmers can also avail of them. In 1996, the target for the 
national forest estate shifted focus toward reaching a critical mass that could support a competitive 
forest industry internationally, rather than having a forest industry for domestic wood supply. The 
forest cover target was set to 17% forest cover, or 1.2 million ha, by 2030 (DAFF, 1996). However, 
the target was changed to 18% forest cover (i.e. 1.26 million ha) by 2046 (DAFM, 2014). It was 
acknowledged that the annual private afforestation area has decreased and the current (2007-2016 
average) annual afforestation area should be three times as high to reach the 2046 target. 

1.8 Present Irish forestry 
1.8.1 Topography and climate 
Ireland has a low elevation interior called the Midlands, and apart from some low-elevation 
mountain ranges in the southern Midlands, most plateaus, hilly areas, and mountain ranges are 
located near the coasts. Many of these mountains are in the range of 200-500 m above sea level, 
with Carrauntoohil in Co. Kerry being the highest peak at 1,038 m. Ireland has a moist and mild 
temperate climate with mild winters and cool summers, due to the North Atlantic Current which 
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extends the Gulf Stream to Northern Europe. The growing season (around 5°C daily average) lasts for 
330 days in the south-westernmost parts and 240 days in the interior of Northern Ireland, most of 
the island has a 250-300 day growing season (Collins & Cummins, 1996). Daily average temperatures 
are in the range of 4.5°C in December to 15.5°C in June, and extreme temperatures rarely go above 
25°C or below -5°C (MET Éireann, 2018). Precipitation is deposited evenly throughout the year with 
September to February being the wetter part of the year. Annual precipitation ranges between 
1,200 mm in the Western half of Ireland and 750 mm in the eastern part (Horgan et al., 2003). High 
elevation sites and the westernmost coastal areas can receive up to 2,600 mm per year due to 
orographic rain effects (Horgan et al., 2003). Most precipitation is deposited as rain in the form of 
brief showers and long-lasting low-intensity rain, long duration high intensity rainfall events are rare 
(Huss et al., 2016). Periods of drought happen which occasionally limit growth in the warmer, south-
eastern parts of Ireland, however, it rarely limits forest growth in the rest of the country (Kilpatrick & 
Seaby, 1990). Frost is common in flat areas and the late spring frosts often coincide with bud 
flushing, causing potential damage to young trees up to 1.5-2 m height (Horgan et al., 2003). Wind is 
the crucial limiting climate factor for Irish forestry. The wind direction is predominantly south-
western (Huss et al., 2016) and the risk of trees experiencing windthrow is highest on sites at high 
elevation with poorly drained or blanket peat soil, where trees have a superficial root system. The 
most windthrow-exposed sites are located along the southern, western, and north-western coasts, 
with the prevalence of windthrow decreasing further inland (Miller, 1986). In total, 8,010 ha of all 
forest area is unstocked due to windthrow, almost 40% of this area is windthrown Sitka spruce and 
23% non-native pine (mainly lodgepole pine) (Forest Service, 2013). Few trees can survive and 
develop into a commercial crop on high elevations in Ireland. This is due to wind exposure from the 
Atlantic Ocean, putting the tree line at an altitude below 500 m, compared to 2,000 m in the Alps 
(Huss et al., 2016), the commercial timberline is around 350 m. Only 17.5% of all forests and 22.5% 
of all state forests are located above 250 m altitude (Forest Service, 2013). 

1.8.2 Soil 
Bedrock in the Midlands is primarily made up of limestone, with the mountains and coastal areas 
having sandstone bedrock in the south, shale and sandstone bedrock in the south-west, sedimentary 
and metamorphic rock, intermixed with granite, in the south-east, north-east and north-west 
(Mitchell, 1986). Due to glacial-drift, parent material has been moved and mixed; the Midlands have 
predominantly productive and alkaline soils, such as brown earth and grey-brown podzolics, due to 
the limestone bedrock (Radford & Gardiner, 1980). Many southern valleys are more productive due 
to drifting limestone particles intermixed with the local parent material, resulting in brown-earths, 
grey-brown podzolics, and brown podzolics (Radford & Gardiner, 1980). Topography and rainfall 
influences on Irish soil formation. Upland areas experience leaching due to high rainfall, resulting in 
nutrient poor podzols and iron pan soils (Huss et al., 2016). Shallow soils, called lithosols, are also 
frequently occurring in many upland areas. Gleys have a blue-grey surface with iron mottles due to 
constant water saturation and are found in flat high elevation areas with heavy rainfall, or on low-
lying flat ground that receives a lot of water runoff. Heavy rainfall coupled with poorly draining soils 
can give rise to peat formation over gleys, podzols and shallow lithosols; peat can also form in thick 
layers as fen peat, blanket bog, and raised bog. The six most common forestry soils in Ireland, with 
corresponding forest area, are; blanket peat - 30.2%, gley - 25.3%, basin peat (>30 cm deep) - 12.2%, 
podzol - 10.4%, brown earth - 8%, and brown podzol - 5.3% (Forest Service, 2013).  

1.8.2.1 Peat types 
Ireland has peatland cover of 20.6% (1,466,469 ha), the second highest peat cover in the EU after 
Finland (Connolly & Holden, 2009). Peat soils have at least a 45 cm peat layer over undrained land 
and a minimum peat layer of 30 cm over drained land. Soils with thinner peat layers are referred to 
as peaty soils or peaty mineral soils. Peats can be divided into groundwater fed peats (minerotrophic 
peats) and rainwater fed peats (ombrotrophic peats). Fens are minerotrophic peatlands but few 
undisturbed ones remain as many fens have been drained and reclaimed for agricultural use (Renou 
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& Farrell, 2005). Ombrotrophic peatlands are called bogs and can be divided into raised bogs and 
blanket bogs. Raised bogs started to form at the end of the last ice-age over shallow post-glacial 
lakes that were subsequently overgrown and filled with dead plant material (Renou-Wilson & Byrne, 
2015). Raised bogs are mainly found in western Ireland and the Midlands and need to be in receipt 
of 750 – 1,100 mm of rainfall annually to sustain moss growth (Renou & Farrell, 2005). Although they 
are acidic, the underlying mineral soil is often nutrient rich and alkaline, but the average peat depth 
is 6-7 m (Renou-Wilson & Byrne, 2015). Blanket bogs are common in western Ireland (low level 
Atlantic bog) and on mountains throughout the country (high level Mountain bog) where rain 
exceeds 1,200 mm annually (Renou & Farrell, 2005). Blanket bog forms “sheets” over extensive 
areas which average 2.5 m in depth. Blanket bogs started forming 4,000 years ago on acidic mineral 
soils when the climate became wetter. Mineral leaching created a water impermeable iron pan 
which caused the soils to become water saturated, thus creating beneficial conditions for Sphagnum 
growth (Renou & Farrell, 2005; Malone & O'Connell, 2009). Large areas of natural bog ecosystem 
have been degraded due to turf extraction, afforestation, agricultural reclamation, and over-grazing. 
This has resulted in 99% loss of original active raised bog area (NPWS, 2010). However, 9% of the 
original area of raised bog is deemed restorable, while the proportion of blanket bog considered to 
be intact or restorable is 28% (Malone & O'Connell, 2009). 

1.8.3 Irish forest data; species, ownership and productivity 
This section and its tables are based solely on National Forest Inventory data collected in 2012 
(Forest Service, 2013). Ireland has 10.5% forest cover or a total area amounting to 731,000 ha; 
however, 10.6% of this is forest open area, resulting in 637,130 ha of fully stocked forest area. The 
forest estate consists of 74.2% of conifers, primarily the fast-growing exotic conifers Sitka spruce and 
lodgepole pine, while most native trees are broadleaves (Table 1). The dominance of exotic conifers 
is due to a long-term policy decision to focus on timber production and due to poor quality land 
(compared to agriculture) being available for state afforestation where no other tree species can 
produce a commercial crop. Coillte owns 53.2% of the forest estate (Table 2) and these forests 
originate from state funded afforestation, mainly established between the 1950s and 1990s. 
However, Coillte’s share of the forest estate is decreasing as all current afforestation is on private 
land. Despite many forests being situated on the less fertile soils, Irish forestry achieves some of the 
highest growth rates in Europe and rotation ages are commonly around 35-50 years. However, a 
majority of the private, grant-aided forest estate is very young due to introduction of attractive 
private afforestation schemes in recent decades. Other main differences between owner types is 
that the other private forest land has a very high proportion of broadleaves (Table 2). These other, 
or non-grant aided, private forests consists largely of remaining woodlands established in the 18th 
and 19th centuries. Site productivity is measured in yield class (YC), which is a measurement of the 
species Maximum Mean Annual Increment (MMAI) of volume production on the site. YC is 
calculated by dividing cumulative volume production (including thinning volume) over the stand age 
in years (m3 ha-1 yr-1). Sitka spruce growing on blanket bog has a YC in the ranges of 10-14, but the 
best soils, brown earths, can produce Sitka spruce with YC of 30 or more. YC decrease with higher 
elevation. 
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Table 1. Tree species distribution by stocked forest area in Ireland (Forest Service, 2013) 

Species group Scientific name Area  
 thousands ha % 

Sitka spruce Picea sitchensis 334.56 52.4 

Norway spruce Picea abies 26.34 4.1 

Scots pine Pinus sylvestris 8.01 1.3 

Other pines Pinus spp. 61.95 9.7 

Douglas-fir Pseudotsuga menziesii 10.38 1.6 

Larch spp. Larix spp. 27.74 4.4 

Other conifers  3.85 0.6 

Sessile & pedunculate oak Quercus petraea, Q. robur 16.84 2.6 

Beech Fagus sylvatica 9.5 1.5 

Ash Fraxinus excelsior 20.61 3.2 

Sycamore Acer pseudoplatanus 9.25 1.5 

Birch spp. Betula spp. 37.37 5.9 

Alder Alnus spp. 15.08 2.4 

Other long-lived broadleaves  9.44 1.5 

Other short-lived broadleaves  46.22 7.3 

Total  637.13 100 

 

 Table 2. Irish forests statistics, divided on ownership (Forest Service, 2013) 

 

1.8.4 Coillte 
Coillte was founded in 1989 as a semi-state company. Coillte has three distinct businesses; Forestry, 
Medite Smartply, and Land Solutions (Coillte, 2017b). Coillte has a commercial mandate and is 
expected to generate revenue for the Irish State, thus the forestry business involves managing 
forests through silviculture and growing timber to obtain the highest Net-Present Value (NPV) 
(DAFM, 2014). Most timber is sold standing to contractors and the harvested products sold to 
sawmills. Medite (in Clonmel, Co. Tipperary) and Smartply (north of Waterford, in Co. Kilkenny) 
utilise some of Coillte’s harvested small dimension timber to manufacture Medium Density 
Fibreboard (MDF) and Oriented Strand Board (OSB), respectively. The Land Solutions business deals 
with adding value to land through wind park projects, managing property sales and acquisitions, and 
developing infrastructure. They own 7% or 440,000 ha of Ireland’s land base (Coillte, 2017b), of 
which almost 390,000 ha is forestry, making them the majority forest owner with 53.2% of the forest 
estate (Forest Service, 2013). Amongst their land base is a considerable amount of peatland, 
including the large areas of blanket bog forests, predominantly planted between the 1950-1980s. 
Coillte forests are managed and certified in compliance with the Forest Stewardship Council (FSC) 

 
Forest area - 

including 
open space 

(ha) 

Forest 
ownership 

(%) 

Forest 
area < 20 
years (%) 

Growing 
stock 

(%) 

Growing 
stock 

(m3/ha) 

Annual 
increment 

(m3/ha) 

Conifers 
species 

(%) 

Broadleaves 
species (%) 

Public forests 
(Coillte) 

389,360 53.2 45.7 62.0 155.1 12.1 82.0 18.0 

Private - grant 
aided forests 

248,550 34.0 83.6 22.4 87.8 9.6 83.6 16.7 

Private - other 
forests 

93,740 12.8 24.7 15.6 162.6 6.3 18.9 81.1 

Total forest 
estate 

731,650 100.0 55.8 100.0 133.2 10.5 74.2 25.8 
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since 2001 (Coillte, 2014), and the Programme for the Endorsement of Forest Certification (PEFC) 
since 2014 (Coillte, 2017c). Land designated and managed for wildlife conservation and nature 
protection comprises 20% of the total land base (Coillte, 2013). Coillte actively promotes forest 
recreation by providing and maintaining parking lots, trails for walking and biking, and picnic areas in 
many of their forests; in addition, all Coillte forests are open to public recreationalists (Coillte, 
2017a). 

1.8.5 Sustainable Forest Management in Ireland 
The Department of Agriculture, Food and Forestry (Now Department of Agriculture, Food and the 
Marine) published a forest strategy named Growing for the Future (DAFF, 1996) in 1996 aiming to 
adapt Irish forestry towards SFM. The Irish National Forest Standard (INFS) (Forest Service, 2000c) 
was published in 2000 and outlines the criteria, indicators, qualitative and quantitative measures 
relating to SFM in Ireland. The INFS was initially accompanied by the Code of Best Forest Practice 
(CBFP), outlining the operational procedures compatible with SFM (Forest Service, 2000a), and five 
environmental guidelines (water quality, archaeology, landscape, biodiversity and harvesting) which 
must be complied with to practice SFM in Ireland (Forest Service, 2000c). The Forestry Act of 2014 
was an update to Irish forest policy with the national policy strategy in Forest, products and people 
(DAFM, 2014), a consolidation and update of the afforestation guidelines in Environmental 
guidelines for afforestation (Forest Service, 2016a) and updated requirements for harvesting and 
reforestation in Felling and Reforestation Policy (Forest Service, 2017a). This indicates that the 
development of relevant SFM policy is an ongoing process. Compliance with the CBFP, 
environmental guidelines and other policy documents is necessary for the Forest Service to approve 
afforestation grants and felling licenses (Forest Service, 2015b). 

1.8.6 Forest Certification in Ireland 
Consumers who are more concerned about the environmental and ethical impact of producing and 
manufacturing, can use certification to make informed purchases by knowing that certain agreed 
upon standards were practiced in the management, harvesting and extraction of the natural 
resource (Pfeifer, 2003). The two most common forest certification systems in Europe and Ireland 
are FSC and PEFC. Introduction of FSC into Irish forestry began in 1999 (Forestry Focus, 2017) and 
four groups representing the forest industry interests, social interests, environmental interests and 
woodland owners’ interests developed the standards together (Pfeifer, 2003). Coillte received its 
FSC certification in 2001 (Coillte, 2014) and PEFC certification in 2014 (Coillte, 2017c). PEFC was 
developed to be more appropriate towards small-scale forest owners, as the FSC certification 
standards were thought to be inappropriate in relation to the size of their forest area (Pfeifer, 2003). 
The Irish Forestry and Forest Products Association reports that 78% of processed Irish forest 
products are exported (IFFPA, 2017) and that certification is a prerequisite to access foreign markets 
(Casey & Ryan, 2012). Sawmills only require 70% certified timber as up to 30% can be FSC controlled 
wood, wood manged and harvested in compliance with SFM requirements (ibid.). However, due to 
high timber demands many sawmills buy uncertified timber anyway. The area of private forest is 
increasing, and the forests are maturing, increasing its share of the nationally harvested timber 
volume. Thus, an appropriate forest certification scheme for the private sector is necessary if Irish 
wood processors are to keep exporting certified lumber in the future (Pfeifer, 2003; Casey & Ryan, 
2012; IFFPA, 2017). A pilot project is under way in north-eastern Ireland aimed at developing a 
template for FSC certification that can be used by forest owner groups and individuals who wish to 
certify their forests (IFFPA, 2017). 

1.8.7 Future goals of Irish forestry 
The current strategic objective of Irish forestry is to develop an internationally competitive and 
sustainable forest sector that adheres to SFM and provides society with the full range of economic, 
social and environmental benefits of forestry (DAFM, 2014). To achieve this, several goals specific to 
special areas of forestry have been defined. Continuous growth of the forestry sector is necessary, 
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since the goal is to supply 7-8 million m3 of harvested roundwood annually (DAFM, 2014). In 2017, 
around 3.5 million m3 of roundwood was harvested in Ireland, mainly from Coillte owned forests 
(Forest Service, 2018a). Grant aided afforestation on private land is utilised to increase the forest 
cover from 11% to 18% by 2046. New environmental policy has been introduced in recent decades 
that increase environmental consideration surrounding afforestation and forestry operations (Forest 
Service, 2017a). Requirements for afforestation eligibility have shifted focus being marginal land at 
the outskirts on the farm to land that can grow a viable forest crop (Forest Service, 2016a). 
Afforestation also involves consideration to road access, to ensure future harvested roundwood can 
reach markets (Forest Service, 2015a). Subsequently, training programs and seminars are held 
throughout the country to educate forest owners and increase their skills about forest management, 
especially with regards to thinning. Efforts are also being made to increase the area of broadleaf 
forest and native woodlands in Ireland (Forest Service, 2015c).  

1.9 Climate change and Irish forestry 
The long lifespan of trees means they must be able to live and grow in both the current and future 
climates, making forests susceptible to climate change (Lindner et al., 2010). The Intergovernmental 
Panel on Climate Change (IPCC) high emission scenario, for Representative Concentration Pathway 
(RCP) 8.5, (3.7°C average global temperature increase compared to pre-industrial levels) is likely to 
result in a warming of the Irish weather, increasing the average temperature in both summer and 
winter by 2 and 2-3 °C, respectively (Gleeson et al., 2013). It is likely that precipitation patterns will 
change, reducing summer precipitation by up to 20%, and increasing winter precipitation by 14%. 
Additionally, storms and floods will become more commonplace, with an estimated 20% increase in 
heavy rain events. Biomass productivity, and thus forest growth, will increase for most of the 
country due to higher CO2 levels and increased temperatures (Sweeney et al., 2003; Lindner et al., 
2010). Nationally, eastern Ireland is projected to experience the highest temperature increases and 
largest reductions in precipitation, making its forests more likely to suffer from droughts in the 
future (Sweeney et al., 2003). Due to the Irish growing season being 250-300 days long, extending 
well into the winter months (Collins & Cummins, 1996), winter precipitation will affect tree growth 
in a changing climate. Large portion of Irish forests are located on wet soils (Forest Service, 2018c) 
and, especially, Sitka spruces develops a very shallow root plate when growing on wet soils, such as 
blanket peat (Ray & Nicoll, 1998). Shallow root plates limit the rooting depth, reducing nutrient 
uptake and causes decreased wind stability, and could become even shallower as a result of 
increased winter precipitation due to the long growing season. To model the estimated impacts of 
climate change on Irish forest trees, the Irish software Climadapt (Ray et al., 2009) was developed. 
Climadapt predicts current and future YC, and species suitability under different climate change 
scenarios. The predictions are based on edaphic soil conditions, using Ecological Site Classifications 
(ESCs) (Pyatt & Suárez, 1997), and climate data from IPCC predictions. The ESCs are based on soil 
moisture regime and soil nutrient regime, and the climatic factors are accumulated temperature, 
moisture deficit, a detailed method of scoring aspect (for wind and exposure), and continentality. 
The main ESCs that will change and impact Irish forestry are accumulated temperature and soil 
moisture regime (summer and winter) (Ray et al., 2009). Climadapt has been utilised in Ireland to 
evaluate the future Sitka spruce growth potential under high emission climate change scenarios. 
Results indicate a 25% reduction in national Sitka spruce productivity by 2080 (Cabrera Berned & 
Nieuwenhuis, 2017). Growth reductions were mainly water related, but for very different reasons; 
southern areas are expected to suffer around 37% growth reduction due to moisture deficit, while 
prolonged waterlogging in the autumn and winter will reduce growth by around 13% in western 
Ireland. 

1.10 Forest Ecosystem Services in Ireland 
This section focuses on the ESs included in the forestry model, namely timber production, carbon 
sequestration, wind risk, biodiversity, water quality, and cultural values.  
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1.10.1 Timber production 
Most of Ireland’s harvested roundwood (i.e. harvested and extracted logs) is currently extracted 
from Coillte owned forests, but the proportion of private roundwood is increasing (Forest Service, 
2016b). Coillte’s roundwood production was 500,000 m3 in 1980 and almost reached 2,750,000 m3 in 
2000 (ibid.). Coillte’s roundwood production levels has since been maintained and all additionally 
harvested roundwood has been sourced from privately owned forests. In 2016, 3,600,000 m3 of 
roundwood was harvested in the ROI (ibid.), and the national harvest of roundwood is predicted to 
reach 6,590,000 m3 in 2027, and 8,110,000 m3 by 2035 (Phillips et al., 2016). Most of the future 
increase in harvested roundwood volume will come from maturing private forests that were planted 
in the late 1990s and early 2000s.  

1.10.2 Carbon sequestration 
The Kyoto Protocol, which was signed by Ireland in 1997, is the UN Framework Convention on 
Climate Change agreement to stabilise atmospheric concentrations of greenhouse gases, preventing 
dangerous interference with the climate systems. Ireland committed itself to limit its greenhouse 
gas emissions to 13% above 1990s levels, by the period 2008-2012 (Black & Farrell, 2006). Forest 
carbon sinks played a role in reaching the Kyoto Protocol targets, however, low emissions were 
largely the result of low economic activity due to a recession (EPA, 2013). Under EU’s Effort Sharing 
Decision (Decision No 406/2009/EC), Ireland’s non-emission trading scheme emissions (i.e. 
agriculture, transport, built environment, waste, non‐energy intensive industry) in 2020 should be 
20% lower than the 2005 levels, but the projected emissions are expected to be only 5% below 2005 
levels with current measures (EPA, 2019). The agriculture (including forestry) and transport sectors 
will make up 75% of non-tradable emissions in 2020 and 80% in 2030. Renewable energy (mainly 
wind) is expected to account for 41-56% of all energy production by 2030, mainly as a result of the 
reduction in dependency on coal and peat in power plants (ibid.). 

Carbon sequestering and storage by forests, including new afforestation activities since 1990, can be 
utilised under the protocol to offset greenhouse gas emissions (Black & Farrell, 2006). However, the 
predicted future afforestation area is higher than the actual afforestation area, so the benefits of 
afforestation will be lower than initially expected. Relating to forestry, Ireland and all other 
developed countries, are responsible to report on carbon stock changes in above-ground biomass, 
below-ground biomass, litter, deadwood, and soil organic carbon. Irish forests established since 
1990 sequestered roughly 3.5 million tons of carbon annually during 2008-2012 (Nieuwenhuis et al., 
2013). Annually, the Irish forest estate sequestered between 2.8 to 4.8 million tons of carbon 
between 2006 and 2016, and the total forest carbon sink is estimated to be around 312 million 
tonnes (Forest Service, 2018c). Since 2013 it is mandatory for member states of the Kyoto Protocol 
to include carbon stored in harvested wood products in their carbon calculations (Johnston & 
Radeloff, 2019), which should be beneficial for Ireland since most wood goes into longer lasting 
products.  

1.10.3 Wind risk 
Wind, predominantly from a south-western direction, is the crucial limiting climate factor for Irish 
forestry (Huss et al., 2016). Few trees can survive and develop into a commercial stand on high 
elevations due to wind exposure from the Atlantic Ocean, putting the tree line at an altitude below 
500 m, compared to 2,000 m in the Alps (Huss et al., 2016) and the commercial timberline in Ireland 
lies at circa 350 m. Only 17.5% of all forests and 22.5% of state forests are located above 250 m 
altitude (Forest Service, 2013).  

The average annual windthrown timber volume between 1973-1993 was 85,000 m3, or 9% of the 
annual timber harvest (Dhubhain et al., 2001). In 2012, 8,010 ha of forest was unstocked due to 
windblow, almost 40% of this area consisted of windblown Sitka spruce and 23% of non-native pine 
(mainly lodgepole pine) (Forest Service, 2013). Harvesting windthrown trees results in higher 
harvesting costs due to longer processing times and lower value, due to premature harvesting of 
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smaller trees and shorter logs due to breakage. Early clearfelling of heavily wind damaged stands (or 
to avoid heavy wind damage) reduces the potential Net Present Value (NPV) by deviating from the 
optimal economic rotation, as well as reduced growth potential during the period the blown trees 
are unharvested.  

Higher altitude and wetter soils are factors contributing to increased windthrow risk (Miller, 1985). 
Additionally, management practices such as drainage and thinning affect the stability of stands. 
(Lynch, 1985; Hendrick, 1988). The most wind exposed sites are found along the southern, western, 
and north-western coasts, with the windthrow risk decreasing further inland (Miller, 1986). 
Afforestation in the 1950s-1990s was largely confined to poor sites, often in uphill and mountainous 
areas along the west coast. These afforested soils were either very wet, had a thin soil layer, or 
consisted of blanket peat, and trees on poorly drained soils often develop superficial root systems. 
Upland peatlands are no longer being afforested, but large tracts of these forests remain that must 
be reforested after clearfelling under the current Irish law.  

Critical height and terminal height are two measurements relating to windthrow. Critical height is 
the stand’s top height when the stand starts to suffer from initial endemic windthrow, where 3% of 
the stems become windthrown (Miller, 1986). Terminal height is the stand’s top height when 
between 40%-60% of the stems are windthrown (ibid.). Endemic windthrow can affect individual 
trees or groups of trees, creating gaps that are often extended by subsequent endemic windthrow.  

Ní Dhubháin et al. (2009) refined a version of a previously developed windthrow model (Dhubhain et 
al., 2001). They found that the probability of windthrow depends on: top height, top height squared, 
geographical location according to Miller’s wind zones, altitude, and soil type. 
  

1.10.4 Biodiversity 
Since Ireland was heavily deforested and only gaining a significant forest area in recent years, nature 
conservation and biodiversity protection in the Irish context often focus on protecting natural open 
areas that are not forested. Many historically forested areas were converted into agricultural land in 
the past and much of the current forested area was historically blanket peat. Thus, a wider nature 
conservation approach is often taken in Irish forestry to include the impacts of afforestation and 
forest operations on non-forested adjacent land that has high biodiversity values (e.g. open bog 
habitat, natural pastures, hedgerows, rivers and lakes). In recent decades, several policies have been 
introduced that aim at increasing biodiversity within the forests and protecting the natural 
environment. Amongst these policies are: 

• More broadleaves in the national forest estate, by having a minimum of 30% of the 
afforestation area established with broadleaves (DAFM, 2014). 

• Wider aquatic setbacks/buffer zones (Forest Service, 2016a; Forest Service, 2017a). 

• Increased species diversity in all afforestation and reforestation plantations (Forest Service, 

2017a). 

• Increased inclusion of areas of biodiversity enhancement in plantation planning (Forest 

Service, 2016a; Forest Service, 2017a). 

Currently, broadleaves occupy 28.7% of the forest estate and 74.1% of all stands have two or more 
species present (Forest Service, 2018c). The total growing stock is estimated to be around 116 
million m3, with an additional 10.4 million m3 of deadwood present. Over half the Irish forest area 
has some kind of environmental designation, but this does not always restrict operations as the 
designation often protects adjacent features (Forest Service, 2018c). 

1.10.5 Water quality 
Forestry operations impact water due to siltation, acidification, and eutrophication (Forest Service, 
2000b). Unless mitigation measures are adopted, operations can adversely affect water quality and 



21 
 

the ecological status of downstream waterbodies. Water quality concerns in Irish forestry mainly 
relate to habitat quality of the Freshwater Pearl Mussel (FPM, Margaritifera margaritifera L.). 
Around 30% of the 4,829 Irish water bodies are considered to be “at risk” for not meeting their 
Water Framework Directive status objective, with forestry being the fourth biggest pressure in these 
“at risk” waterbodies, totalling 16% of the pressure (Forest Service, 2018b). 356 freshwater 
waterbodies have a high ecological status, out of which 28 are located within the eight priority FPM 
catchments. 124 freshwater waterbodies are “at risk” for not meeting high ecological status and 
forestry is considered the main significant pressure in 40% of these waterbodies (Forest Service, 
2018b).  

About 46% of the EU FPM individuals are found in Ireland (Forest Service, 2008a). FPM are protected 
under the EU habitats directive in Natura2000 areas and in Ireland the designated protection areas 
are called Special Area of Conservation (SAC). The Lough Corrib SAC (and the adjoining Owenriff 
catchment) is one of the 19 SACs in Ireland with populations of FPM and one of the three identified 
SACs which has potential of ensuring the long-term survival of the FPM population. FPM larvae live 
in the gills of young salmonid fish and are thus dependent on Atlantic salmon (Salmo salar L.) and 
Brown trout (Salmo trutta L.) to complete their lifecycle (Moorkens, 1999). Thus, threats to 
salmonids such as blocked water ways, invasive Northern pike (Esox Lucius L.) populations, 
overfishing, and degrading of spawning beds, are of concern for the conservation of FPM. Nutrient 
enrichment by phosphorus and nitrogen, and sedimentation are major concerns for FPM 
conservation. Although high nutrient levels can be lethally toxic to mussels of any age, juvenile 
mussels are especially sensitive to any sedimentation or heightened level of nutrient enrichment 
(Forest Service, 2008a). Additionally, adult mussels can close-up if too much sediment is suspended 
and die from oxygen starvation if they remain closed for prolonged periods of time (Moorkens, 
1999). It is common to find FPM populations without any young individuals due to regeneration 
failures year after year.  

One major issue with forestry on peatland is that blanket bog is very nutrient poor. Rock phosphatic 
fertiliser is commonly applied when planting peatland forests to ensure crop survival. Historically, 
fertiliser was often added to increase the Yield Class (YC) of the site. Organic soils do not hold 
nutrients very well and after harvesting the nutrients from the foliage and any remining fertiliser is 
often lost through overland flow (Renou-Wilson & Byrne, 2015). The quantity of suspended 
sediments, N and P released from a single stands increases the first 3-4 years after clearfelling, with 
P release varying seasonally and most of it being discharged in heavy rainfall events (Cummins & 
Farrell, 2003; Rodgers et al., 2012). Swedish results indicate similar trends, with Eriksson et al. (2011) 
reporting that P loss doubled, compared to the baseline level, the first three years after clearfelling. 

1.10.6 Social values 
Afforestation of peatlands in western Ireland was an important source of income to locals through 
the jobs it provided. Expansion of the forest industry has created other jobs than tree planting, such 
as nursery operators, millworkers, heavy equipment operators, harvest supervisors, and forest 
managers. The forestry and forest products sector in Ireland employs an estimated 12,000 people 
(IFFPA, 2017) and contributed €2.3 billion to the Irish economy in 2012, through direct and indirect 
effects (Forest Service, 2016b).  

Hiking, walking, camping, picnicking, mountain biking, horseback riding, fishing, hunting, 
orienteering, and motor sports are common recreational activities that explore Irish nature and 
forests. Recreational hiking and hillwalking often focus on ascending mountains to reach areas with 
spectacular views, but to reach these sites it is often necessary to park in or near forests and utilise 
walking trails through the forest. However, besides the forests with trails, there are several popular 
forest parks in Ireland, such as Glendalough, the JFK arboretum, Avondale, Killarney national park, 
Blarney Castle gardens, Howth Castle rhododendron garden, and Kells Bay gardens, to name a few. 
There were an estimated 18,000,000 visits to forests in 2005 (Forest Service, 2016b) and these 
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recreational activities are part of the social values of forests. Recreation in Irish forests generates 
around €268 million in economic activity and an estimated €97 million in non-market benefits from 
forest recreational utilisation (Murphy & Wall, 2006). 

1.11 ALTERFOR 
The ALTERFOR project was funded by the EU Horizon2020 research and innovation programme, 
coordinated by the Swedish Agriculture University and involves nine countries: Germany, Ireland, 
Italy, Lithuania, the Netherlands, Portugal, Slovakia, Sweden, and Turkey. Each country has an 
academic partner and an industry partner, to bridge knowledge and practical forestry. The Irish 
partners are University College Dublin and Coillte. The goal of ALTERFOR is to address how higher 
demand on European forests to provide ESs will be impacted through global changes from climate 
change and increasing bioeconomy. This is being done by modifying FMDSSs to include climate 
change and dynamic prices (from an expanded bioeconomy) in their forecasting and to add ES 
indicators for to the FMDSS. The ESs includes timber, carbon, regulatory (risk i.e. windthrow, 
wildfires), biodiversity, water quality, and cultural values of forests. Every ES has an expert that 
worked to define a common framework to assess ESs across Europe that will allow for comparison. 
The project involve work packages (WP) that provide expert advice on their areas and harmonise the 
workflow to ensure that results can be compared across countries (Figure 2).  

 

Figure 2. ALTERFOR project structure and work packages. 

• WP 1 worked with identifying stand level descriptions of current Forest Management 
Models (FMMs). FMMs were used to categorises similar forest stands based on age 
structure, species composition, management system, and management objective. The 
number of FMMs varied depended on how common they were in the forest landscape, i.e. 
no FMM was described for management systems occupying very minor parts of the forest. 
WP1 also assisted in development of the alternative FMMs (aFMMs). 

• WP2 worked with defining and providing a common framework for the global scenarios, i.e. 
which scenarios including CC and expanding bioeconomy to model. Upscaling of results from 
the local CSA to the European level was also the responsibility of WP2. 

• WP3 worked with assessing the capacity of DSS to implement global scenarios. WP3 also 
compiled DSS outputs and assessed the landscape level provision of ES under a combination 
of different FMMs and global scenario impacts. 
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• WP4 worked with facilitating meaningful stakeholder involvement to identify potential 
conflicts the project could address. They also worked with how to facilitate communication 
of landscape level results between stakeholders and local CSAs.  

• WP5 worked on communication and dissemination, partly between CSAs and stakeholders, 
but mainly to make project results available for the general public. 

• WP6 worked with project management and accounting. 

ALTERFOR involved three main steps: 

1. Implementing global scenario impacts in a FMDSS and assessing the long-term impact on ESs 
provision. Forest stakeholders were involved in the ALTERFOR project. In the initial stage 
they were interviewed to identify relevant forestry conflicts. 

2. Developing of aFMMs to address uncertainties in ESs provisions and to address the 
identified forestry conflicts. AFMMs were implemented in the FMDSS to assess whether they 
could provide a wider range of ESs and what trade-offs, if any, there were. Through 
workshops, the results of the forecasts (both current and alternative FMM scenarios) were 
presented to stakeholders to assess whether they consider the aFMMs were an 
improvement, and whether they fulfilled their expectations on future ESs provision. 

3. Documentation of the aFMMs regarding costs, benefits, forest management and their 
utilization. This is done to ensure cross-national knowledge transfer and that forestry 
stakeholders in the respective country have the capacity to implement these new 
management systems if they desire.  

1.12 Research gaps, objectives, and thesis structure 
Forest ESs and climate change impacts have become important research topics in recent years. 
There are few FMDSSs used regularly by forest managers that are able to address the impacts of 
external global factors, such as climate change, on forest management and also account for ES 
provision. Being able to model these impacts in a single FMDSS for Ireland is a great strength. The 
benefit of using Woodstock is that it is used to manage 200 million ha of forest globally, so the 
framework presented in this study can be implemented in many areas, using locally relevant climate 
change impacts and indicators for ESs. Furthermore, the study was carried out in collaboration with 
the ALTERFOR project, using a common framework to assess ESs provisions across Europe that will 
allow for detailed cross-country and regional comparison of how European forests will be impacted 
through global changes resulting from climate change and an increasing bioeconomy. This study 
focuses on how Ireland’s western peatlands could be managed in the future by quantifying ES 
provisions, whereas previous studies dealt in more in general terms with the benefits of using 
different management options. Thus, the developed model can be used to assess the provisions and 
impacts at the local level to address managerial and stakeholders concerns, which can facilitate a 
better discussion about future management. 

The research objectives of this study were to: 

1. Develop a FMDSS for Irish forestry that incorporates the annual external effects of climate 
change and expanding bioeconomy.  

2. Include ESs indicators in the FMDSS to enable assessment of the long-term impacts of 
climate change and expanding bioeconomy on forest management, forest ecosystem 
services and forest landscape composition in Western Ireland.  

3. Develop alternative FMMs for the Western peatland forests, that can alleviate forest 
management issues, improve several ESs, and alleviate stakeholder conflicts surrounding 
forestry. 

4. Evaluate the potential impacts the aFMMs can have on forest management and ESs in the 
future and under changing futures by implementing global scenarios. 
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5. Evaluate the impact the discount rate has on implementation of various aFMMs in the forest 
landscape. 

Overall, the thesis structure follows the outline of the ALTERFOR project, but focuses solely on the 
Irish FMDSS, case study area, and results. A summary of the thesis chapters can be found below in 
the bullet list. The flowchart in Figure 3 summarises the main work in Chapters 3 to 7. This flowchart 
will be presented at the beginning of these chapters to remind the reader of how chapter being 
described fits in with the overall study. 

• Chapter 1 gives the reader an introduction in SFM, ESs (including a focus on ESs in Ireland), 
the origins of management sciences and decision support systems, with the largest portion 
focusing on decision support systems in forestry, the Remsoft Spatial Planning System, Irish 
forest history, as well as describing present Irish forestry, including aspects on topography, 
climate, soil, forest statistics, Coillte, SFM in Ireland, forest certification, and the objectives 
of this study.  

• Chapter 2 is the materials and methods, explaining the data collection, model build, 
implementation of ecosystem services and global scenarios in the model. The beginning of 
the chapter has a detailed explanation of the material and methods. 

• Chapter 3 describes the initial forest conditions and present results from model runs that 
determine the minimum and maximum provision of ecosystem services. Presenting the 
possible levels of ecosystem services shows what was possible to achieve from the forest 
landscape.  

• Chapter 4 presents the results of implementing the global scenarios in the decision support 
system and its effects on forest composition, forest management, and ecosystem services in 
the case study area. The chapter closes with a discussion of these results.  

• Chapter 5 introduces the development of the alternative forest management models and 
their impact on forest composition, forest management, and ecosystem services under the 
global scenarios. The chapters discussion focuses on a comparison of these results with 
those presented in Chapter 5. 

• Chapter 6 investigates how the results would be affected by the inclusion of permitting 
manual fertiliser to establish Sitka spruce on blanket peat. The chapter also included model 
runs with different discounting rates to see which forest management actions, i.e. fertiliser 
and alternative forest management actions, were favourable. Ecosystem services were not 
evaluated in this chapter, the results focus solely on net present value, harvest volumes and 
forest management actions.  

• Chapter 7 includes an overall discussion of the entire research and thesis.  

Research dissemination activities, including scientific articles, associated with the study presented in 
this thesis are presented in Section 9.5 Appendix E: Research dissemination. 

Much of the research described in Chapter 2 and 4 has been published in the articles: Implementing 
Climate Change and Associated Future Timber Price Trends in a Decision Support System Designed for 
Irish Forest Management and Applied to Ireland’s Western Peatland Forests, published in 2019 in the 
journal Forests, and Evaluating the Impact of Future Global Climate Change and Bioeconomy 
Scenarios on Ecosystem Services Using a Strategic Forest Management Decision Support System 
published in 2020 in the journal Frontiers in Ecology and Evolution. The articles are included in 9.6 
Appendix F and 9.7 Appendix G 



25 
 

 

Figure 3. Summary of the research presented in this thesis. Blue = Chapter 3; Light green = Chapter 4; Dark green = Chapter 
5; Red = Chapter 6; Yellow = Chapter 7. 
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2 ALTERFOR Model development 
This chapter provides a summary of linear programming in Remsoft Woodstock and the linear 
programming formulation for the ALTERFOR model, the core concepts of building a strategic forest 
planning model in Remsoft Woodstock, the steps used in compiling the Geographic Information 
System (GIS) land-use layer representing the Case Study Area (CSA), and the steps in building the 
core ALTERFOR Woodstock Decision Support System (DSS) (Figure 4). The modification that was 
carried out to make the Woodstock INTEGRAL DSS suitable for use in the ALTERFOR project is also 
included. Henceforth, Woodstock or Woodstock model refers to the Remsoft Woodstock DSS and 
ALTERFOR model refers to the Woodstock model specifically developed for this study, which is the 
main focus from section 2.4 onwards. An outline of the chapter sections is provided below:  

• 2.1 Linear programming in Woodstock and the ALTERFOR model - describes how linear 
programming operates in Woodstock, including linear programming formulation and the 
objective function that was for the ALTERFOR model.   

• 2.2 Woodstock modelling structure - describes some of the basics of how Woodstock 
operates, focused on how forest stand attributes are read, and details the modelling 
structure within Woodstock using examples of the specific syntax that was used for the 
ALTERFOR model. 

• 2.3 Computer specifications - contains information about the hardware specifications of the 
computer used to run the model. 

• 2.4 GIS Land-use layer - describes the data sources, the work of creating the GIS land-use 
layer file and bringing this information into the ALTERFOR model. The land-use layer 
contains forest inventory data, other land-uses (i.e. agricultural land, waterbodies, 
scrubland) and several site indicators such as soil type, elevation, and environmental 
designation.  

• 2.5 Setting up ALTERFOR model themes - specifies which attributes and how these 
attributes from the land-use layer were used to describe the landscape within the ALTERFOR 
model.  

• 2.6 Forest management prescriptions - contains the forest management prescriptions and 
their eligibility depending on species and site type.  

• 2.7 Owner types - details the different types of forest owners, and which forest 
management prescriptions were eligible to be used by them.  

• 2.8 Forest Management Models - explains the term Forest Management Model, which was 
used to classify the forest landscape into similar, descriptive forest types.  

• 2.9 Ecosystem Service yields - describes the inclusion of Ecosystem Services (ESs) in the DSS, 
specifically how the ES indicators were based on forest stand attributes.  

• 2.10 Global Scenarios - presents the narrative, data sources, and the implementation of 
global scenarios in the ALTERFOR model. 2.10.1 Climate change - contains the data and 
method for implementing climate change factors in the model.  2.10.2 Dynamic Prices– 
contains the details of implementing changing timber assortment prices over time.  
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Figure 4. Research work described in Chapter 3: building of the ALTERFOR core model in Remsoft Woodstock, blue colour, 
within the context of the entire thesis. The core model was utilised in all future model runs and chapters. 

2.1 Linear programming in Woodstock and the ALTERFOR model 
Woodstock is the flagship of the Remsoft Spatial Planning System (RSPS) and can utilise both 
simulation and optimisation. Woodstock does not provide the user with a plug-and-play DSS, just the 
structure in which a model can be developed. Woodstock uses object-oriented programming, 
meaning that the DSS has some pre-determined keywords, but the user can largely create their own 
syntax (Walters, 1993). The research aims were to evaluate impacts of external factors on forest 
management and ESs, and to evaluate if there was any benefit of using Alternative Forest 
Management Models (aFMMs). Forest managers respond and make decisions based on factors 
affecting their management and profitability (e.g. timber prices, disturbances, access to faster 
growing species). If the aFMMs increase forest profitability, they are likely to be established without 
government authorities needing to use policy tools or payments to incentivise forest owners to 
change their management. Forestry in Ireland is mostly oriented towards profit maximisation while 
adhering to forest policy, rather than maximising timber volumes or creating biodiverse habitats. For 
these reasons it was decided to use linear programming optimisation in this study, as it would reflect 
forest managers response to external factors and the opportunity to utilise different management 
systems, bringing the model results closer to reality. Using simulation techniques would require pre-
defining which Forest Management Models (FMMs) to use on which sites, which partly pre-
determines the results and does not allow any flexibility in management or the opportunity to 
investigate how aFMMs should be used optimally.  

Linear programming optimisation was chosen since this study aimed at evaluating forest 
management impacts on an area with multiple management units using a strategic planning 
hierarchy. Remsoft Woodstock was the available software, and also the software used by Coillte, 
enabling more direct sharing of model code and results, if they would wish to implement similar 
factors in their strategic Woodstock model. 

Woodstock uses a Model II formulation, in which a stands history is only tracked until final harvest 
when it is lost. Stands with identical attributes and age are aggregated into something called a 
development type (dvtyp). All stands in dvtyps are subjected to the same management prescription 
in the same period, irrespective of their spatial location in the landscape. The decision variables in 
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Woodstock are defined as: the area allocated to prescription x in year y. Woodstock can generate 
decision variables for all possible prescriptions for all areas in all years, but the decision variables 
cannot assume values higher than total area of dvtyps in the same age class. Thus, Woodstock 
evaluates the possible prescription and only chooses those that best fulfil the objective. The decision 
variables that best fulfil the objective are those who generate the highest or lowest output values 
for the objective function, depending on whether the objective was to maximise or minimise a value. 
For example, if the objective is to maximise harvested volume, the decision variables would be the 
areas treated with certain prescriptions, in a certain year, that resulted in the highest value of 
harvest volume. Linear programming models are usually subjected to constraints, which bound the 
solution within realistic limits or are there to ensure certain conditions are met. In forestry, the 
objective could be to maximise harvest volume, with a constraint to ensure that a minimum amount 
of volume is harvested in each year. The constraints bound the solution and decision variables within 
realistic limits and ensures that the decision variable cannot take on values that would violate the 
problem conditions. For example, in a manufacturing problem, constraints can be used to bound the 
optimal solution based on available resources and labour time. 
 
The ALTERFOR model objective was to maximise NPV from mill gate sales while complying with 
forest policy and environmental protection policy over a 100-year planning horizon, where each 
period is one year, and the model used a 5% discount rate, which is often used in Irish forestry 
(Tiernan, 2007; Corrigan & Nieuwenhuis, 2016; Teagasc, 2019). Maximising NPV is the objective of 
Coillte and the most important criterion for most private forest owners in Ireland. The linear 
programming objective is formulated in (Eq. 1), and is subject to the constraints defined in (Eq. 2-6) 
and the definition of NPV can be found in (Eq. 7). 
 

𝑀𝑎𝑥𝑁𝑃𝑉 =  ∑ ∑ ∑ (𝑣𝑝,𝑑,𝑖 ∗  𝑥𝑝,𝑑,𝑖)𝑃
𝑝=1

𝐷
𝑑=1

𝐼
𝑖=1            (1) 

subject to: 

 ∑ 𝑥𝑝,𝑑,𝑖
𝑃
𝑝=1 ≤  𝐷𝑣𝑡𝑦𝑝𝑑,𝑖 , 𝑓𝑜𝑟 𝑑 = 1, … , 𝐷, 𝑖 = 1, . . . , 𝐼   (2) 

∑ 𝑥𝐶𝑙𝑒𝑎𝑟𝑓𝑒𝑙𝑙,𝑑,𝑖
𝐷
𝑑=1 ≤ 300, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼    (3) 

∑ 𝑥𝑝,𝑈𝑝𝑙,𝑖
𝑃
𝑝=1  = 0, 𝑓𝑜𝑟 𝑖 = 100    (4) 

∑ (𝑥𝐵𝑧𝑝𝑙,𝑑,𝑖 − 𝑥𝐵𝑧𝑝𝑜𝑡𝑐𝑓,𝑑,𝑖−1)𝐷
𝑑=1 = 0, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼   (5) 

∑ (𝑥𝐹𝑖𝑟𝑠𝑡𝑇ℎ𝑖𝑛,𝑑,𝑖 − 𝑥𝑃𝑟𝑒𝑇ℎ𝑖𝑛,𝑑,𝑖−1)𝐷
𝑑=1 = 0, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼   (6) 

where 𝑖 is the index for period, up to the final period I in the planning horizon, i.e. 100; d is the index 
for dvtyp, and counts towards the final dvtyp D; p is the index for treatment and counts towards the 
final treatment P, where no action is also considered a prescription; vp,d,i is the value associated with 
prescribing treatment p to dvtyp d in period i; xp,d,i is the decision variable for prescribing treating p 
to dvtyp d in period i; Dvtypd, i is the total area of dvtyp d in period i; xClearfell,d,i is the clearfelled area 
in period i; xp,upl,i is the area of unplanted dvtyps in period i; xBZpl,d,i is the area of buffer zone 
established on dvtyp d in period i; xBZpotcf,d,i-1 is the area of potential buffer zone clearfelled on dvtyp 
d in period i-1; xFirstThin,d,i is the area of conifers thinned for the first time on dvtyp d in period i; 
xPreThin,d,i is the area of conifers selected for first thinning on dvtyp d in period i-1. The model 
objective was to maximise NPV, but in a few model runs the model objective was to maximise the 
area of a forest type (in section 5.4.2), instead of a value such as NPV. In these runs the decision 
variable was simply the existing area of the forest type in the period, which was limited by the 
existing area of that forest type in the period, rather than the area of dvtyp treated with a 
prescription on the period. The constraint in Eq. 2 does not have to be user specified, as this 
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constraint is built into Woodstock, but it is important to highlight that more dvtyp area cannot be 
treated with management prescriptions in any period, than the total area of that dvtyp in the certain 
period.    

Evenness constraints that maintains an even harvest level were not used in the ALTERFOR model 
since the CSA is too small to be the main supply area for a sawmill or processing plant. Initial results 
showed large spikes in harvesting volumes and Coillte staff, upon reviewing these results, indicated 
that dramatic spikes in public sector production were not feasible given the state’s policy of ensuring 
an even supply of timber at the regional level. Thus, a constraint was implemented to limit the total 
clearfell area each year to no more than 300 ha, i.e. 3% of the forest area. Assuming the entire forest 
estate had a normal age class distribution and was fellable on a 40-year rotation, 249.5 ha would be 
clearfelled in each year, so the limit of 300 ha allows for some flexibility (249.5 * 40 = 9,980). In 
Woodstock, the objective function (i.e. model objective and constraints) are defined in the Optimise 
section (section 2.2.11), which is also where the user declares which mathematical programming 
solver to use, and this model used MOSEK (MOSEK ApS, Copenhagen, Denmark)(Mosek, 2014). 

NPV was calculated by adding all profits and costs in the future over the planning horizon (Eq. 7), 
where future values were discounted, using a discount rate was set at 5%. The future value was 
calculated by subtracting costs from revenues, in each period. 

𝑁𝑃𝑉 = ∑ (
𝐶𝐹𝑡

(1+𝑟)𝑡
𝑇
𝑡=0 ) + 

𝑆𝑉𝑉

(1+𝑟)100    (7) 

where NPV is Net Present Value; T is the planning horizon, i.e. 100 years; t is the current year; CFt is 
the cash flow in year t, i.e. revenues minus the costs in year t, i.e. the undiscounted product of vp,d * 
xp,d from Eq. 1 for all prescription and dvtyps in year t ; r is the discount rate (in decimal form), set at 
5% (i.e. 0.05); SVV, the standing volume value, was included for the final year of the planning 
horizon, i.e. year 100, and was the mill gate price of all standing timber, discounted to year 0, having 
taking account of the impact of the global scenarios. The SVV was included to reduce planning 
horizon boundary problems, i.e. the excessive scheduling of clearfelling just because the model run 
reached the end of the planning horizon. Thus, the SVV was included in the objective function that 
maximizes NPV and in all NPV reporting in Chapters 3, 4 and 5. SVV was not included in the objective 
function or NPV reporting in Chapter 6, since the different discount rates caused the SVV to have 
very different impacts on scheduled management actions. The specific revenue and costs associated 
with forest management prescriptions can be found in section 2.9.1.  

2.1.1  Coillte collaboration and the UCD DSS 
Coillte developed a Remsoft Woodstock model for use in their nationwide strategic planning in 2011. 
This model allocates areas for timber harvesting, which are then further refined on the regional level 
for tactical and operational planning. Coillte’s commercial mandate means that the model objective 
is to maximise NPV from the harvesting and delivery of timber products to mill gate. The model 
includes land access for recreational use and ecological and environmental consideration constraints 
in the form of financial disincentives. Coillte provided this base model to UCD in February 2012 for 
use in the INTEGRAL project (Corrigan, 2016). During this project, the Coillte model was modified to 
a goal programming formulation, to analyse how different policy scenarios, some guided by 
stakeholder consultation, would affect a wide range of ESs in the future (Corrigan & Nieuwenhuis, 
2017). The UCD INTEGRAL DSS was transferred into another development phase beginning in May 
2016 for this ALTERFOR project. Few elements of the INTEGRAL DSS remain unchanged, most 
elements have undergone various degrees of change, and several entirely new elements have been 
added to the model. All parts of the UCD ALTERFOR DSS are described in its entirety, whether 
elements remain unchanged or have been added since May 2016. 
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2.2 Woodstock modelling structure 
This user-defined syntax is used to specify everything from tree species, specific timber assortments, 
growth and yield curves, forest management actions, nature conservation designations etc. 
Woodstock allows up to 25 themes to be defined, and each theme is used to describe a stand 
characteristic, i.e. tree species, productivity, management objective etc. Additionally, Woodstock 
requires information about area and age for each land parcel. This information is easily imported to 
Woodstock as a GIS shapefile. Once the fields corresponding to themes, age, and area are defined, 
Woodstock builds the area section. The area section is essentially a forest (or land-use) inventory, 
written in a format that the Woodstock model can read and utilise. Stands in the area section with 
identical age and theme attributes are grouped into a dvtyp, with the total area of all stands that 
make up the dvtyp summarised. All dvtyps are subjected to the same forest management action, 
regardless of their location in the landscape.  

Dvtyp mask are used in Woodstock to define which dvtyps are eligible for forest management 
actions, which yields apply to dvtyps, and from which dvtyps certain outputs are derived. Dvtyp 
masks are similar to dvtyps, but to avoid having to write a statement for every unique dvtyp in the 
model Woodstock includes two very important features that replace the specific theme attributes in 
the dvtyp masks: aggregates and wildcards.  

• Aggregates are user-defined groupings for a set of theme attributes, e.g. an aggregate could 
include all coniferous tree species. Aggregates can be used in the dvtyp mask when declaring 
the operability for a forest management action, rather than having to write the statement 
for each different theme attribute.  

• Wildcards use the question mark symbol (?) and can be used in dvtyp masks when declaring 
forest management actions, outputs, or to link yield curves to dvtyps. The wildcard means 
that the specific theme attribute is irrelevant for the specific action or yield, and could be 
regarded as an aggregate that includes all attributes in that theme.  

The Woodstock FMDSS needs three things to operate at the most basic level: 

• Forest inventory data. 

• Growth and yield models. 

• Forest management actions.  

Woodstock consists of several sections that interlink to help the user to evaluate the future 
condition of their forest, or to choose the best management prescriptions in order to reach a specific 
management goal. The flowchart in Figure 5 serves as a guide to the Woodstock modelling structure 
that was used in this study and that is presented in this chapter section. Although some crucial pre-
defined keywords exist in Woodstock, the syntax in these sections are mainly user defined. The 
following text provides a short overview of the Woodstock sections and functions (in bold), followed 
by an in-depth description and how they were defined in the current model:  

• The Area section stores the forest inventory data from the Remsoft Spatial Setup as dvtyps, 
using theme attributes. The area section also stores all future dvtyps that will be created as a 
result of dvtyp transitions resulting from future forest management actions. 

• Theme attributes and theme aggregates are defined by the user in the Landscape section, which 
keep track of all attributes that can be used in the area section, and which attributes and 
aggregates that can be used in dvtyp masks in a Woodstock model. 

• The Lifespan section controls the maximum age of dvtyps in the Area section (i.e. here linked to 
Theme 1, tree species and land-uses), to prevent a tree species from growing so old that no 
relevant yield table exists.  

• The Action section is where eligibility of forest management actions is defined, using dvtyp 
masks. 
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• The syntax for how dvtyps change following an action is stored in the Transition section – dvtyps 
subjected to the same action can transition differently based on specific theme attributes.  

• The Yield section contains growth and yield tables, prices, costs, ESs values, and calculations 
such as scaling volumes based on species proportional occupancy of stands. Yields that affect 
the outputs originate from two sources: transition yields from transitioning dvtyps after actions, 
and growth yields from dvtyps growing older. The discount rate is set in the yield section. 

• The Constant section contains constant values that do not change over the planning horizon, 
e.g. the open space constant, number of seedlings planted, timber assortment prices.  

• All desired outputs from a model run (such as harvest volumes, costs, revenues, area of 
broadleaf forest) are declared in the Output section.  

• In the Control section declarations are made for parameters relating to how the model should 
operate, e.g. planning horizon length, whether to use optimisation or simulation, switch for 
Analysis Area units (AA-units) (see section 2.2.2), and parameters for compressed time, which is 
used to evaluate fewer actions for the initial dvtyps in the future.  

• The management objective and constraints of the forest management model are defined in the 
Optimise section.  

• The Report section can be used to define specific outputs in a certain order and even for specific 
periods in the planning horizon. 

When all Woodstock sections have been defined it is time to generate the matrix model, solve it, 
and run Woodstock to generate the Schedule section and associated outputs post optimisation. 
The Schedule section contains the optimal forest management actions and in what year they should 
be applied to dvtyps. The function of creating Scenarios can be used to create a copy of the core 
Woodstock model and then the scenario has syntax changes to one or many of its section. Multiple 
scenarios can be created in the same Woodstock model and this function can be used to compare 
different management options between scenarios e.g. compare the outcome of changing the 
eligibility for clearfelling, using other reforestation options, or different climate change impacts on 
species growth. Examples of Woodstock code syntax for most sections used in the ALTERFOR model 
are included in 9.4 Appendix D: Woodstock section code syntax. 

For the specific data that was used to build the ALTERFOR model, section 2.4 describes the process 
of creating the land-use layer, which contained forest relevant data (species, site characteristics, 
elevation, age etc.), section 2.5 describes how this data was used to create ALTERFOR model theme 
attributes so that Woodstock could read and interpret the forest data. Section 2.6 contains 
information on all forest management actions. Growth and yield models (including traditional 
growth tables, ES yields, and global scenario impacts) are explained in sections 2.9 and 2.10.  
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2.2.1 Landscape section 
Woodstock themes are based on attribute data imported through the Spatial setup within Remsoft 
(Section 2.4.4) and represent the unique attributes required to represent the forest landscape being 
modelled. Unique attributes for all themes were stored in the Woodstock Landscape section, which 
can be created using a Build section feature within Woodstock. Grouping and theme concatenation 
can be done before building the landscape section and aggregates are also defined in the landscape 
section after all unique theme attributes for the relevant theme had been added to the landscape 
section. For example, in the ALTERFOR model, elevation was grouped to avoid using metre level 
detail and Woodstock theme aggregates were created that consist of several elevation ranges 
(Figure A 1). The benefit of aggregates is that rather than declaring a forest management action for 
each unique attribute, the action can be declared for an aggregate which in turn contains all eligible 
theme attributes. Additionally, aggregates can be used when reporting, e.g. by using an aggregate 

Figure 5. Remsoft Woodstock modelling structure: the top rectangle represents Remsoft spatial setup, rounded 
rectangles represent Woodstock sections, diamonds represent Woodstock calculations, functions, and results. 
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for all conifer trees rather than having to declare them by individual species and summarising them. 
If a theme attribute is declared anywhere else in the model but does not exist in the landscape 
section when the matrix is built an error is generated and the matrix build stops.  

2.2.2 Area section 
Like the landscape section, the area section can be created using a Build section feature in 
Woodstock, if created for the first time. If the same forest landscape has already been analysed in 
Woodstock, using the same landscape theme attributes, the old area section can simply be copied to 
the new Woodstock model. The area section contains every unique combination of theme 
attributes, stored as dvtyps, as well as the age and area of the dvtyp. All dvtyps make up the forest 
inventory, or land-use layer. Identical theme attribute combinations with the same age are 
amalgamated to one dvtyp with their area merged (Figure A 2) and treated as one entity when 
Woodstock applies forest management actions. In Figure A 2, the last column refers to how many 
polygons share the same theme attributes and the same age. 

AA-units can be created during the Spatial setup within Remsoft (see section 2.4.4) by splitting an 
existing area into multiple parts and linking them with a unique identifier index. The different parts 
of an AA-unit can be assigned different theme attributes, but when one part of the AA-unit is 
prescribed an action during a model run, the entire AA-unit will be prescribed to that action because 
the polygon is still treated as one unit. During transitioning, different parts of the AA-unit transitions 
depending on their different theme attributes, the parts become different dvtyps and the AA-unit 
unique identifier index is removed. 

Once the Woodstock matrix has been built, potential future dvtyps are stored in the Area section. 
These potential future dvtyps have neither age nor area as they have not been populated yet, but 
their creation means that subsequent model runs will be faster compared to if they had to be 
created every time.  

2.2.3 Lifespan section 
The lifespan section is where the maximum ages of all dvtyps are declared. This section is essentially 
an error checking mechanism to ensure that no tree species exists beyond their lifespan and that 
yield information is available for forest stands at a specific age. If no yield value is declared for 
subsequent years, Woodstock will assume the last yield value given. Thus, it is not a requirement to 
have yield values for all subsequent years. If the lifespan is not increased, Woodstock will trigger a 
“death” function that removes the dvtyp. It was decided that allowing dvtyps to reach old age, even 
without future yield values, was preferred to triggering the “death” function, which would remove 
all yield values associated with that dvtyp, especially since the old age mainly concerned old-growth 
forests with native species. Additionally, this section helps the Woodstock interpreter indicate how 
much memory should be allocated for all data structures.  

The planning horizon for the ALTERFOR model is 100 years, and the maximum lifespan was assigned 
by taking the maximum age of a dvtyp at the beginning of the planning horizon (i.e. 2016) and 
adding 101. For example, the oldest oak dominated stand found in the land-use layer was 147 years 
old at the start of the planning horizon, so the maximum lifespan of oak was set to 248 years. If this 
was not declared, Woodstock would trigger its death function, removing the dvtyp and all ES values 
associated with that dvtyp. Even though a 248-year-old oak dvtyp would be well over the maximum 
age of 150 in the yield tables, the last recorded yield values were assumed by Woodstock for all 
subsequent years. Thus, the dvtyps that exceeded their maximum yield table age were assumed to 
exist in a state of equilibrium. Lifespans for all non-forest land-uses, e.g. agricultural land, scrubland, 
bog etc., were set to 101. This section may appear to require a lot of declarations, but it can be 
substantially reduced by using aggregates. For example, rather than declaring a maximum age for 
every combination of dvtyp where Sitka spruce was the dominant species, the theme 1 aggregate 
SSag_sp1 (Sitka spruce aggregate species 1) was used to set the maximum age of these dvtyps. 



34 
 

2.2.4 Action section 
Operability statements for forest management operations, such as planting, thinning, clearfelling, 
and buffer creation, are declared in the action section. Some actions are just named in the action 
section, not declared with operability statements and are used exclusively in the Regime section 
(section 2.2.5)(which was not used in this study). Dvtyps must meet the requirements of the 
operability dvtyp mask of a declared action to be eligible for that action. Aggregates from the 
landscape section can be used in the operability dvtyp mask to declare actions for multiple dvtyps. 
For example, Sitka spruce stands were eligible for first thinning if the Sitka Spruce Yield Class (SS YC) 
was at least 14, and Douglas fir were eligible for first thinning if the SS YC was at least 16 (Figure A 3). 
Additionally, the soil theme aggregate “ThinSoilOK” meant the soil type had to be eligible for 
thinning, i.e. not be blanket peat. 

2.2.5 Regime section 
Dvtyps can be subjected to a predefined, consecutive set of management prescriptions in the regime 
section. Similar to an action’s operability statement, a dvtyp which is operable for a regime can be 
subjected to all actions listen in that regime. Actions within a regime occurs in a sequenced list that 
uses regime periods to keep track when a specific action is executed. For example, a dvtyp entering 
a thinning regime at age 20, would be subjected to the first thinning in regime period zero, and the 
second thinning in regime period 5, with the dvtyp being 25 years old (assuming one period equals 
one year and a 5-year thin cycle). Regimes can cover the entire forestry rotation, starting with 
planting and finishing with a clearfell to reflect a fixed set of management actions, or the regime 
could be defined, for instance, only for the thinnings – it is entirely up to the user. The ALTERFOR 
model does not use regimes, as it was part of the research objective to investigate different, flexible 
management prescriptions in response to external global factors (section 1.12, research objective 2). 
Therefore, the regime section was not utilised, but it is worth mentioning its presence in Woodstock.  

2.2.6 Transition section 
Transitions are defined to inform Woodstock how a dvtyp should change, or transition, after actions 
and regimes have been prescribed. The transition section requires source and target statements for 
each action, indicating what source dvtyp transitions into what target dvtyp (Figure A 4). Each action 
can contain multiple source and target statements. Additionally, the entire source does not need to 
transition to the same target, a percentage of the source can transition to a different target than the 
main component, e.g. to model reforestation failure. The Wildcard (?) operates differently when 
used in the transition section; when used in the transition source statement it means that the theme 
attribute does not matter, but when used in the transition target statement it means that the theme 
attribute does not change during the transition (Figure A 4). 

2.2.7 Yield section 
The yield section is where forest developmental data and operations data are stored, such as growth 
and yield tables, ES yields, climate change yields, timber prices, silvicultural costs, and harvesting 
costs. The yield section can also contain calculations, such as scaling standing volume based on 
species proportions or by stand stocking proportion.  

One point of caution when using Woodstock is that the software makes no assumptions on the unit 
a yield is represented in, so the user needs to keep this in mind when adding, subtracting, 
multiplying, or dividing yields and declaring outputs. There are four types of Woodstock yields: age 
dependent yields, time dependent yields, complex yields, and compound-complex yields. 

• Age-dependent yields include the typical forest mensuration data that depends on stand 
age, e.g. stand height, diameter, stocking, standing volume, assortments, but also ES 
indicators that depend on stand development (Figure A 5). Age dependent yields vary with 
stand age, independently from the current period, i.e. planning year. 
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• Time-dependent yields vary with the current period, thus independently from stand age. 
For example, the climate change factors in this model, which scale stand volume yields to 
represent changes in growth due to climate change, changed according to the period in the 
planning horizon, or time (Figure A 6). Thus, they depend on time in the future, rather than 
stand age. Additionally, the dynamic timber prices were stored as time-dependent yields 
since they change depending on years in the future rather than age of a stand, and the 
discount rate was stored as a time-dependent yield in the yield section. 

• Complex yields are the result of arithmetic (adding, subtracting, multiplying, dividing) and 
algebraic (square root, exponential) operators applied to yield components (Figure A 7). 
Dividing stand volume ha-1 by stems ha-1 to calculate the average tree size is an example of a 
complex yield. Complex yields must be the result of mathematical operators involving either 
a yield and a constant, two or more age-dependent yields, or two or more time-dependent 
yields. The two yield types mentioned before cannot be mixed to create complex yields. 

• Compound complex yields are the result of mathematical operators involving both age-
dependent and time-dependent yields, meaning they are created similarly to the creation of 
complex yields (Figure A 7). Compound complex yields have some limitations in their use; 
once they have been created no additional mathematical operations can be performed on 
them in the yield section. Additional operators can be applied to compound complex yields 
in the output section if necessary. For example, compound complex yields were created 
when multiplying standing volume (age-dependent yield) with climate change factors (time-
dependent yield). 

Woodstock interprets all yield tables as defined in periods (not years), so it is important to ensure 
that yield tables used are correctly constructed, depending on whether the model uses 1-year, 5-
year, or 10-year periods. Each period in the ALTERFOR model equals 1 year. Woodstock interprets 
yield tables in a specific way (Figure 6): any values before the first yield table record are assumed to 
be 0. This can be avoided by adding a yield of 0 for age 0, causing Woodstock to linearly interpolate 
yield values between age 0 and the first entry in the yield table. Interpolation is done for the values 
at ages 31-39, if the yield table only contain values for ages 30 and 40. The last recorded yield table 
record is assumed constant for all subsequent ages or periods. The lifespan section (section 2.2.3) 
can be modified to avoid Woodstock assuming yield values for future periods, if the user does not 
want to make assumptions on the future status of dvtyps.  

The yields included in the ALTERFOR model are explained in more detail in sections 2.9 Ecosystem 
Service yields and 2.10 Global Scenarios. 
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Figure 6. Woodstock interpretation of yield tables. In the hypothetical example, each period equals 1 year, reflecting stand 
age. Age-dependent yields are assumed to be 0 (grey line) before the first yield table record (blue line). By adding a yield 
value 0 to age 0, values for age 1 and 2 are interpolated towards the next available yield value (yellow line). The last yield 
table value is assumed constant for all subsequent values (orange line). 

2.2.8 Constant section 
Values that will never change during the planning horizon are stored in the constant section. For 
example, Irish forestry works on the assumption that 15% of any forested site is open space and thus 
does not contribute to the timber production, and this value is stored as a constant in the constant 
section. Other values, such as non-tree size dependent assortment prices, fixed costs, wood delivery 
demands etc. can also be stored here. Using values from the constant section results in quicker 
computations compared to linking them to a dvtyp in the yield section.  

2.2.9 Output section 
Outputs from the model run, such as reforestation areas and harvest volumes, are specified in the 
output section. The two main output types are inventory based, which takes a snapshot of the forest 
condition, and action based, which reports outputs relevant for a specific action. Inventory outputs 
report on the forest condition at the end of a period, and action outputs reports on all activities that 
took place during that period (see section 2.2.16). Additionally, all declared outputs are reported in 
every period in the planning horizon.  

Outputs are declared by using one or several dvtyp masks with an inventory statement, area 
statement, or any combination of the two (Figure A 8). Outputs can also be associated with an action 
code and the output will then refer to inventory or area associated with that action. Once an output 
has been declared it can have arithmetic operations performed on them, such as adding sawlog 
value and pulp value to get an output for total harvested timber value (Figure A 8). Using the 
inventory keywords in an output declaration creates outputs based on the defined yield table value, 
such as standing timber volume. Adding an action code, like clearfell, produces an output that only 
reports on standing volume in stands treated with the action clearfelling and ignores the standing 
volume in forest stands that were not clearfelled. Since action-based outputs reports on removed 
volume during the period, and inventory-based outputs reports on standing volume at the end of 
the period, there is no double-accounting of standing volume. Declaring an output with the area 
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keyword creates an area-based output for the defined dvtyp mask, e.g. total biodiversity habitat 
area or total area of coniferous forest. Accompanying the area output with an action gives the total 
area that was subjected to said action in each period. Additionally, outputs can use the @AGE and 
@YLD keywords, to specify that only dvtyps of a certain age interval or with the specified yield 
interval are of interest (Figure A 7). 

2.2.10 Control section 
The control section is one of the smaller sections but plays a crucial role as this is where the planning 
horizon is defined, i.e. the number of periods to use. Remsoft Woodstock uses periods and, as 
mentioned in the yield section, it is up to the user to define what time scale each period represent. 
This depends on how yield tables are constructed, how frequently forest management actions take 
place, and whether the harvest volume outputs are interpreted to represent targets over one or 
several years. In this model, one period represents a calendar year and the planning horizon is 100 
periods, i.e. 100 years. A Woodstock feature called compress time was used to reduce the size of the 
model matrix by generating fewer forest management actions for the existing dvtyps, present at the 
start of the model, after a set number of periods. Different compressed time options were set for 
different periods in the future. The configuration used in the current model was to generate future 
dvtyps every 2nd period after period 15, every 4th period after period 30, every 6th period after period 
60, and every 8th period after period 80. Model scenarios without compressed time are included in 
Chapter 4 and 5. 

2.2.11 Optimise section 
The linear programming formulation and model constraints are defined and stored in the Optimise 
section. The linear programming formulation can utilise minimise and maximise functions of a 
defined output, for example maximise harvested timber volume, NPV, or a biodiversity area. The 
function used in the main model runs was to maximise NPV (Figure A 9), and the linear programming 
formulation used, including objective, constraints, and equation for NPV is presented in section 2.1. 
The constraints were to ensure that any clearfelled areas were reforested, any areas selected for 
thinning were thinned, and that any clearfelled buffers were established as buffers. Maximising NPV 
or harvest volume can lead to large fluctuations in harvested timber volume between periods. 
Evenness constraints can limit the fluctuation, which can be desirable if the modelled area is 
supplying a mill that cannot handle large wood delivery fluctuations over time.  

2.2.12 Schedule section 
Once the Woodstock model has been used to generate a matrix which has been solved, a schedule 
section is generated that gives the optimal forest management actions, based on the optimise 
section. The section contains the dvtyps, including at what age and the area of each dvtyp that was 
subjected to an action, and in which period that action took place (Figure A 10). If predefined 
management actions are known, irrespective of the optimal management actions, the user can add 
these to the schedule section to see what impact they would have and how they would differ from 
the optimal schedule.  

2.2.13 Report section 
The report section is the section where all or a selected number of outputs from the model are 
exported to a database file (file extension .dbf). The order of outputs can be defined in a way that 
suits the user, or analyst, for further processing and to generate graphs outside of Woodstock 
(Figure A 11). The output values that appear in the report section are based on the schedule section. 
The report section does not have to be built since the outputs are saved and can be analysed inside 
Woodstock. 

2.2.14 Generate, Solve, Run 
Although not really a section that has to be written by the user, the matrix generation, solving, and 
running of the schedule are crucial to how Woodstock operates. With the Woodstock sections 
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complete, the Woodstock model can be used to generate a matrix, in this case a linear programming 
matrix, a mathematical programming solver is used to solve the matrix model, and then the 
schedule is run, generating outputs and reports. 

• The matrix contains all possible management prescriptions, their associated dvtyps in all 
periods and the resulting yield values. The matrix size depends heavily on the number of 
dvtyps, how many future dvtyps are created, and the formulation of the objective function. 
The number of dvtyps depend on how many themes and theme attributes are included in 
the landscape section, and how large and heterogenous the forest area being analysed is. 
The number of future dvtyps depends on how the action and transition sections were 
declared: the more actions a dvtyp can be subjected to, the more transitions take place to 
potential future dvtyps. Future dvtyps are in turn subjected to future actions, generating 
more potential future dvtyps, and thus the number of potential future dvtyps can grow 
almost exponentially. Future dvtyps must be added to the area section, and although these 
are generated by Woodstock during the matrix build, this step adds computational time. 
Formulation of the optimise section refers to how many constraints are declared, but also on 
how outputs are involved in the optimisation formulation. To calculate the maximum NPV, 
costs and revenues must be discounted, and many costs and revenues vary depending on 
the average tree size in the stand. Compared to a simpler objective like maximising the area 
of broadleaf forest, maximising NPV requires many more computations.   

• The solver in Woodstock is used to choose the best forest management actions based on the 
declared optimise section (i.e. the goal and constraints), which are stored in the schedule 
section. The current model used MOSEK as the mathematical programming solver. Solving a 
matrix is a quick process once all outputs have been calculated for all existing dvtyps and 
future dvtyps in the matrix. 

• The run option runs through the generated schedule and produces outputs and the report. 
Running an already solved model could be useful if changes have been made to outputs that 
do not affect the optimise section.   

2.2.15 Scenarios 
Scenarios can be created in a Woodstock model that allows the user to change one or more sections, 
while the other sections are kept the same – as opposed to copying the entire model to make small 
changes. Sections such as area, lifespan, constants, transitions and actions might not need to be 
changed if, for instance, scenarios are created to compare the difference between maximising NPV 
and maximising harvested wood volume. In the ALTERFOR model, scenarios were extensively used 
to run the same model but with different scaling values based on the global scenarios, i.e. different 
climate change impacts and dynamic assortment prices. 

2.2.16 Period, planning horizon and yields 
“Period” in Woodstock refers to the smallest time interval at which the model operates. Each period 
in Woodstock represents one or more years, based on user customisation. A single period in the 
current ALTERFOR model refers to one calendar year and the sum of all periods, for which the model 
is run, is referred to as the planning horizon. In Woodstock, the term planning period is used to 
describe the abovementioned planning horizon, but to avoid confusion and the interpretation of 
“planning period” as “period in which planning occurs”, it was decided to use planning horizon in this 
study. The default Woodstock planning horizon is 70 years, but the current model utilises a 100-year 
planning horizon.  
 
It is important to understand that yields and outputs in Woodstock are calculated and reported 
differently in relation to the period depending on whether the output is action-based or inventory-
based. Since the model start year is 2016, inventory-based outputs reported in period 0 of the 
planning refers to the forest condition, and ES values, in the forest landscape at the beginning of 
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year, i.e. the 1st of January 2016. Period 1 reports on the forest condition at the end of the year, i.e. 
the 31st of December 2016, period 2 reports of the forest condition on the 31st of December 2017, 

etc. (Figure 7). These reports on the forestry condition are derived from the inventory-based yields 
and draw data from the dvtyps that exist at that point in time. The other type of yields are action-
based yields, e.g. harvested timber in period 1, or clearfell area in period 1. Action-based yields for 
period 1 reports on all values over the time period the 1st of January 2016 to the 31st of December 
2016, period 2 action-based yields report on the time period 1st of January 2017 to the 31st of 

December 2017, etc (Figure 7). Thus, inventory-based yields provide a snapshot of the forest 
condition at the start of the current period, while action-based yields report on actions that took 
place since the reporting time of the previous period up until the reporting time of the current 
period. 
 

  

Figure 7. Illustration of the time points at which inventory-based and action-based yields and ESs are reported for each 
period. Inventory yields are snapshots of a point in time, e.g. the inventory on the last day of the year. Action yields refer to 
events occurring since the last reporting time, e.g. the actions that took place during the last year. 

2.3 Computer specifications 
The ALTERFOR model was built in Woodstock (64-bit), version 2017.11.0 of the RSPS. The Forest 
Management DSS (FMDSS) was run on a computer with the Windows 10 Professional 64-bit 
operating system. The computer had an Intel® Core™ i7-3930K CPU @ 3.20 GHz (6 cores with 2 
threads per core) processor, with 32 GB of RAM. 

2.4 GIS Land-use layer 
Detailed below are the steps in which datasets from different organisations were combined into a 
single land-use layer covering the CSA Barony of Moycullen (mainland part only, see explanation in 
2.4.2.3). All GIS-tools used are written in Italic text and refer to the tools in ESRI’s (Redlands, 
California, United States) ArcMap 10.4. All editing and processing of GIS data was done using the 
coordinate reference system Irish Transverse Mercator (ESPG: 2175). In some cases, the acquired 
data were projected in an older coordinate reference system, the Irish National Grid (ESPG: 29902), 
and these were transformed to Irish Transverse Mercator using the ArcMap Project tool. The data 
preparation and re-classification of attributes was done to accommodate forestry relevant 
information in the ALTERFOR model, and to some degree, to link tree species to available growth 
and yield tables. The attribute data in the UCD INTEGRAL model was partly used as a template, 
although several changes were made for this thesis, either to accommodate additional information 
or to remove redundant information.   
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2.4.1 Data Sources 
GIS shapefiles from four organisations were used to create an all-encompassing land-use layer, 
covering the spatial extent of the CSA (Table 3). Some datasets were used to create the land-use 
layer and had different hierarchical order based on their level of forestry detail. Other GIS-data was 
ancillary and was used to add attributes such as elevation, soil information and environmental 
designation. This ancillary data was added to the land-use layer to facilitate importation of data into 
the ALTERFOR model. 

Table 3. GIS data used for the land-use layer and their sources 

GIS data Source 

Coillte forest inventory – updated May 2016 Coillte  

County Council roads (Data collected by Coillte) Coillte 

Wind zones Coillte 

Private forest – Forests2015 – updated Dec 
2016 

Forest Service, Department of Agriculture, Food 
and the Marine 

Single Farm Payments Department of Agriculture, Food and the 
Marine 

CORINE Land Classification Environmental Protection Agency (EPA) 

Irish baronies Central Statistics Office, Ireland 

Teagasc Soil Survey - Irish Forest Soils EPA 

River and Waterbodies EPA 

Catchments and Sub-Catchments EPA 

Native Woodland Sites National Parks and Wildlife Services (NPWS) 

Ancient and long-established woodland NPWS 

Natura 2000 Sites NPWS 

Margaritifera sensitive areas NPWS (special request) 

Digital Elevation Model UCD Urban Institute 

 

2.4.2 Spatial data: details and preparation 
Unique IDs were created for all polygons originating from the four main GIS sources (Coillte, 
Forestry2015, Single Farm Payments, and CORINE land-classification) to facilitate amendment of 
data at a later stage. Unique IDs consist of a two-letter prefix code based on which GIS source the 
polygon originated from, and a list of ascending numbers within each GIS source.  

2.4.2.1 Coillte forest data 
The Coillte forest inventory layer was considered the most accurate dataset as it is used in their 
detailed planning processes. The dataset contains information on species, YC, plant year, species 
proportion, and forest mensuration data for up to four species per stand. Additional information 
contained in the Coillte dataset consists of the stand stocking level, environmental designation, 
forest status, management objectives, survey year, and management history. Several of the species 
listen in Coillte forest data had to be reclassified since there were no growth and yield tables 
available to model these species in the ALTERFOR model, or because the species listed referred to a 
grass or bush, in which case the land-use was reclassified (Table 4). 
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Table 4. Reclassification of species and land-uses in the Coillte data, including the area and number of polygons where the 
original species was dominant. Reclassifying species did not necessarily result in a new species, just a species that could be 
modelled in the ALTERFOR model  

Original Species Scientific name Total area 
(dominant 
species) 

Number of polygons 
(main species) 

Reclassified species Reclassified species 
code 

Alder Alnus spp. 65.8 102 Alder AL 

Ash Fraxinus excelsior 43.4 42 Ash AS 

Beech Fagus sylvatica 25.3 64 Beech BE 

Birch Betula spp. 50.6 99 Birch BI 

Bracken Pteridium spp. 12.5 16 Low-Intensity 
Grassland 

LG 

Bog Cotton Eriophorum spp. 0.0 0 Bog BG 

Heather Calluna spp. 523.7 283 Low-Intensity 
Grassland 

LG 

Douglas fir Pseudotsuga 
menziesii 

11.7 8 Douglas fir DF 

Furze Ulex spp. 0.3 2 Low-Intensity 
Grassland 

LG 

Grand fir Abies grandis 1.5 3 Grand Fir GF 

Grass Poaceae spp. 2.5 7 Grassland LG 

Hazel Corylus avellana 36.8 15 Scrub SB 

Hybrid Larch Larix x 
marschlinsii 

10.5 11 Hybrid Larch HL 

Holly Ilex aquifolium 0.0 0 Scrub SB 

Japanese larch Larix kaempferi 173.4 146 Japanese larch JL 

Lodgepole pine Pinus contorta 2.7 2 Lodgepole pine LP 

Lodgepole pine - Lulu 
island 

Pinus contorta 106.6 79 Lodgepole pine LP 

Lodgepole pine - 
north costal 

Pinus contorta 106.0 45 Lodgepole pine LP 

Lodgepole pine - 
south coastal 

Pinus contorta 2992.2 1117 Lodgepole pine LP 

Purple moor-grass Molinia caerulea 659.2 437 Bog BG 

Monterey pine Pinus radiata 3.1 3 Monterey pine MP 

Noble fir Abies procera 1.7 3 Noble fir NF 

Norway spruce Picea abies 49.4 42 Norway spruce NS 

Oak Quercus spp. 21.6 42 Oak OA 

Other Broadleaves - 0.7 1 Birch BI 

Other conifers - 2.3 2 Other Conifer OCON 

Other ground 
vegetation 

- 22.8 44 Grassland LG 

Rowan Sorbus aucuparia 3.8 7 Rowan ROW 

Rush Juncus effusus 4.4 12 Bog BG 

Willow Salix spp. 15.3 21 Scrub SB 

Scirpus Scirpus spp. 12.1 9 Bog BG 

Silver fir Abies alba 0.0 0 Silver Fir SF 

Scots pine Pinus sylvestris 30.8 35 Scots pine SP 

Sitka spruce Picea sitchensis 4155.8 2057 Sitka spruce SS 

Sycamore Acer 
pseudoplatanus 

7.1 6 Sycamore SY 

Western hemlock Thuja plicata 0.9 1 Western hemlock WH 
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2.4.2.2 Forests2015 
Forests2015 is the dataset of private forests in Ireland and combines data from three different 
sources: Forest Inventory and Planning System (FIPS), WesternPackage2008 afforestation, and 
afforestation premiums (Figure 8), as follows: 

• FIPS was a project running between 1993-1997 where Irish forests were classified according 
to species composition and age class, using satellite images and orthophotos (Forest Service, 
2017b). The resultant product was FIPS95, which was later merged with digitised data on 
private plantations reforested between 1980 and 1990 (Western Package 2008) to create 
FIPS98 (Forest Service, 2017b).  

• Western Package2008 involved the digitising of stands afforested under the Western 
Package, thus focusing primarily on the years 1980-1990. Afforestation initiated under other 
schemes - the State Scheme, Farm Forestry Scheme, and Planting Grant Scheme - was also 
included, meaning some plantations afforested in the 1960s were digitised (Forest Service, 
2017b). 

• Afforestation premiums GIS data are stored in the Integrated Forest Information System 
(IFORIS), which went live in 2005 and includes data on private plantations established as 
early as 1989 (Forest Service, 2017b). 

The afforestation premiums dataset IFORIS has the highest level of detail of the three 
abovementioned datasets; it contains species, species proportion and planting year for up to 10 
species per polygon. In case of any overlap, the IFORIS data were used in preference over the other 
Forest Service datasets (Figure 8). 

 

Figure 8. Data sources and processing steps to create Forestry07. Forests2015 is created using the same methodology as 
Forestry07 but includes data on the most recent afforestation sites. Source: Forestry07 metadata. 
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In many cases, only the external boundaries of sites with approved afforestation applications have 
been digitised. This has resulted in forest polygons in Forests2015 having correct species 
proportions, but no spatial information on whether multiple species stands were planted in single-
species groupings or if they were planted in mixtures (Figure 9). In the FMDSS, such polygons are 
modelled using up to three species, but they are treated as growing in single-species micro-stands, 
rather than mixtures.  

 

 

Figure 9. Forests2015 polygons contain multiple species, but no spatial information on their distribution. The blue 
highlighted data in the table correspond to the blue outlined polygon, containing Japanese larch, Sitka spruce and birch. 

2.4.2.2.1 Incorporating and excluding FIPS95 forest classes 
FIPS95 is based on the assessment of low-resolution orthophotos and satellite images and thus only 
contain high level forest information, such as species group (conifer, broadleaf, mixed) and age class 
(young, old). These data were not compatible with the modelling structure that use precise age and 
species and thus, this data had to be excluded from the spatial layer (Table 5). Additionally, some of 
the grant aided plantations were assigned a species combination and a randomised plant year, 
based on the grant aided planting options that were available at different times. 

  



44 
 

Table 5. Reclassification of species in the Forestry2015 for the CSA, including the area and number of polygons where the 
original species was dominant. The plant year was randomised between 1980 -1995 for some grant aided plantations 

Original Species  Scientific name Included  Total area 
(dominant 
species) (ha) 

Number of 
polygons 
(main 
species) 

New species New 
species 
code 

Plant year 
randomised, 
1980-1995 

Additional 
broadleaves 

- Yes 3.8 3 Birch BI No 

Alder Alnus spp. Yes 3.3 1 Alder AL No 

Ash Fraxinus excelsior Yes 0.8 1 Ash AS No 

Beech Fagus sylvatica Yes 0.0 0 Beech BE No 

Birch Betula spp. Yes 0.0 0 Birch BI No 

Biodiversity - No 1.2 1 - - - 

Mature beech 
(1998) 

- No 19.3 4 - - - 

Mature oak 
(1988) 

- No 353.9 125 - - - 

Mature other 
broadleaves 
(1998) 

- No 22.5 4 - - - 

Young other 
broadleaves 
(1998) 

- No 0.3 1 - - - 

Mature larch 
(1998) 

- No 3.6 3 - - - 

Mature other 
conifers (1998) 

- No 0.7 1 - - - 

Mature pine 
(1998) 

- No 9.4 6 - - - 

Mature spruce 
(1998) 

- No 0.0 0 - - - 

Corsican pine Pinus nigra var. 
maritima 

Yes 0.6 1 Corsican pine CP No 

Young larch 
(1998) 

- Yes 0.7 1 Japanese larch JL Yes 

Young pine 
(1998) 

- Yes 0.9 1 Lodgepole pine LP Yes 

Young spruce 
(1998) 

- Yes 8.3 2 Sitka spruce SS Yes 

Japanese larch Larix kaempferi Yes 0.0 0 Japanese larch JL No 

Lodgepole pine - 
north costal 

Pinus contorta Yes 40.8 11 Lodgepole pine LP No 

Lodgepole pine - 
south costal 

Pinus contorta Yes 0.8 1 Lodgepole pine LP No 

Mature 
pine/spruce mix 
(1998) 

- No 143.2 64 - - - 

Mixed forest 
mature (1998) 

- No 15.4 5 - - - 

Mixed forest 
young (1998) 

- Yes 0.0 0 Sitka spruce & 
Birch 

SS_BI Yes 

Noble fir Abies procera Yes 0.7 1 Noble fir NF No 

Oak Quercus spp. Yes 0.0 0 Oak OA No 

Other conifers - No 13.3 39 - - - 

Other forest - No 2.5 2 - - - 

Young unknown 
(1998) 

- No 0.8 2 - - - 

Poplar Populus spp. Yes 0.0 0 Poplar PO No 

Rowan Sorbus aucuparia Yes 0.0 0 Rowan RO No 

Sitka spruce Picea sitchensis Yes 0.0 0 Sitka spruce SS No 

Sycamore Acer 
pseudoplatanus 

Yes 0.1 1 Sycamore SY No 

Young 
pine/spruce mix 
(1998) 

- Yes 66.0 19 Sitka spruce & 
lodgepole 

SS_LP Yes 
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2.4.2.3 Single Farm Payments 
The Single Farm Payments (SFP) layer was provided in an un-referenced format, so the Define 
projection tool was used to project the layer in the correct coordinate reference system. 
Additionally, some features were self-intersecting, so the Repair Geometry tool had to be applied 
before the layer could be used in other analysis tools. 

The dataset contained several duplicate polygons, as claims from different years were recorded in 
the SFP-layer, and in the case of commonage areas there were several claims for the same land 
parcel from different farmers in the same year. This was solved by creating a unique-ID based on the 
polygon’s centroid coordinate and using the Dissolve tool on the layer. The main land-use for each 
polygon was maintained. The number of polygons in this dataset was thus reduced from 
approximately 70,000 to 14,100. Some of the overlapping polygons were not dissolved because 
different farmers have claimed for slightly different areas, resulting in the centroid coordinates not 
being identical. This issue was most prevalent on the islands to the south-western part of the Barony 
of Moycullen. These islands consist mainly of shallow soils and rocky outcrops (scree) and contain no 
forested areas, so it was decided to not include them in the CSA. Thus, only the mainland portion of 
the Barony of Moycullen was selected as the CSA.  

For the remaining overlapping areas, the Intersect tool was used on two identical SFP shapefiles. This 
caused the SFP layer to self-intersect and created new polygons wherever there were overlapping 
polygons resulting from digitising all claims. New centroid coordinates were calculated, then the 
Dissolve tool was used on the centroid coordinate, removing any overlapping polygons while 
retaining the unique-ID and the main land-use types. Another Dissolve tool was used, this time by 
dissolving by unique-ID, essentially merging any polygons that were split during the Intersect. The 
final Intersect reduced the number of polygons to 14,013, with a total area of 49,500 ha.  

The final version of the SFP layer contained attributes for four different land-uses: scrub, bog, 
grassland/pasture, and low intensity grassland (Table 6). Many more land-uses were present in the 
original SFP layer, such as forest and woodlands, but these were not included in the final version 
since forest data was sourced from the Coillte inventory and Forestry15. Anthropogenic structures 
such as farmyards, roads, buildings, and gardens were not included in the final land-use layer, and 
CORINE data was used to fill in these gaps. Lakes, ponds, and waterways were sourced from EPA 
data. The agrarian land-use consisting of winter crops was merged with grassland/pasture because 
there was only 30 ha of winter crops present in the CSA. 

  



46 
 

Table 6. Included and reclassified land-uses from the Single-Farm Payments dataset 

Original Land-use Included 
Total area 
(ha) 

Number of 
polygons 

New land-use 
New land-
use code 

100% Destocked Area No 7.9 13 - - 

Access Road / Roadways No 105.1 10 - - 

Building No 690.5 400 - - 

Farmyard No 181.1 86 - - 

Forestry No 29.6 17 - - 

Forestry 2014 No 0.3 1 - - 

Former REPS 3 New Habitat No 9.0 11 - - 

Former REPS 4 New Habitat No 11.9 11 - - 

Gardens No 1.5 2 - - 

Inactive No 23.3 3 - - 

Lake / Waterway / Pond No 2.1 3 - - 

Landscape Feature No 1.8 1 - - 

Quarry No 2.4 2 - - 

Riparian Zone No 12.9 3 - - 

Rocky Outcrop No 10.2 5 - - 

Woodland No 22.6 26 - - 

Scrub Yes 223.4 47 Scrub SB 

Bog Yes 921.7 111 Bog BG 

Grass Year 2 Yes 3.1 1 Grassland/Pasture IG 

Grass Year 3 Yes 1.3 3 Grassland/Pasture IG 

Grass Year 4 Yes 8.7 1 Grassland/Pasture IG 

Grass Year 5 Yes 1.5 1 Grassland/Pasture IG 

Mixed Grazing Yes 230.4 9 Grassland/Pasture IG 

Permanent Pasture Yes 45,099.9 5,718 Grassland/Pasture IG 

Kale Yes 3.0 1 Grassland/Pasture IG 

Mixed Cropping Yes 4.5 3 Grassland/Pasture IG 

Peppers Yes 0.6 1 Grassland/Pasture IG 

Squash Yes 8.1 1 Grassland/Pasture IG 

Low Input Permanent Pasture Yes 120.6 75 Low intensity Grassland LG 

Designated Habitat Yes 1.7 3 Low intensity Grassland LG 

Habitat Yes 51.9 20 Low intensity Grassland LG 

Rough Grazing Yes 276.9 46 Low intensity Grassland LG 

Species Rich Grassland Yes 1,384.7 475 Low intensity Grassland LG 

Traditional Hay Meadow Yes 50.9 39 Low intensity Grassland LG 

  

2.4.2.4 CORINE Land Classification 
CORINE Land Classification (CLC) was initiated by the EU in 1990 to compile geo-spatial 
environmental information in a compatible and standardised format across Europe (Lydon & Smith, 
2014). CLC has since become an important data source for environmental and planning policy. 
Ireland has participated in four land cover inventories: 1990, 2000, 2006 and 2012, thus CORINE data 
can be used to track land-use changes by comparing datasets from different years to see if the land-
use or land-use boundaries have changed (ibid.). CLC 2012 uses both raster data from multi-spectral 
satellite imagery (30 m resolution) and vector data from Coillte, DAFM, EPA, and CLC 2006 (ibid.). 
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Integrating raster and vector data improves the detail and accuracy for mapping land-uses, 
especially for forestry and agriculture parcels. CLC 2012 was used to fill in any gaps in the land-use 
layer after national forest and agricultural data were combined (Table 7). 

Table 7. Included and reclassified land-uses from the CORINE Land Classification dataset 

Original Land-
use 

Included Total area 
(ha) 

Number of 
polygons 

New land-use New land-
use code 

Discontinuous 
urban fabric 

No 17 
355.2 

- - 

Industrial or 
commercial 
units 

No 3 

3.4 

- - 

Port areas No 4 
1.8 

- - 

Sports and 
leisure facilities 

No 1 
41.1 

- - 

Broad-leaved 
forest 

No 9 
23.4 

- - 

Coniferous 
forest 

No 45 
56.5 

- - 

Mixed forest No 15 
44.3 

- - 

Inland marshes No 15 
87.2 

- - 

Water bodies For creating buffer zones 70 
2047.1 

- - 

Sparsely 
vegetated areas 

No 35 
90.5 

- - 

Complex 
cultivation 
patterns 

No 55 

217.0 

- - 

Transitional 
woodland shrub 

Yes 80 
199.4 

Scrub SB 

Peat bogs Yes 758 
7824.1 

Bog BG 

Land principally 
occupied by 
agriculture 

Yes 333 

2384.3 

Low intensity Grassland LG 

Moors and 
heathland 

Yes 13 
66.6 

Low intensity Grassland LG 

Natural 
grassland 

Yes 2 
30.5 

Low intensity Grassland LG 

Pastures Yes 275 
1872.5 

Low intensity Grassland LG 

 

2.4.3 Appending spatial data 
Overlapping polygon features existed as a result from distortions in digitisation, the use of different 
coordinate reference systems, and the merging of several layers covering the same area with 
different levels of detail. Therefore, it was necessary to hierarchically arrange the GIS data. The four 
main GIS shapefiles were prioritised depending on their level of forest data detail and relevance for 
forestry, resulting in the following descending order of priority: Coillte, Forestry2015, SFP, and CLC. 
ArcMap’s Erase tool was used to remove overlapping polygons and sections of polygons in a lower 
hierarchal order (e.g. Forestry2015 features overlapping with Coillte data were removed), then the 
Merge tool was used to combine two layers. This process was repeated until all four layers were 
combined into one (Figure 10). Finally, EPA Water framework directive lake and waterbody data 
were appended to the land-use layer to ensure that all mapped waterbodies were included. 
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Figure 10. Combining Coillte forest data, private forest data (Forests2015), single farm payment data, and Corine data 
based on their priority rating; before (left) and after (right). Note how the overlap between Coillte and Private forests 
disappear in favour of Coillte forest data. Also note the background changes to the CSA grey color, indicating that Corine 
data are no longer overlaying the other datasets.  

2.4.3.1 Slivers 
Appending the four spatial datasets resulted in several sliver polygons; small polygons that are often 
long and thin, and that do not represent an actual land entity. Deleting slivers would cause gaps in 
the land-use layer and keeping them would cause a lot of extra processing with drawing, selecting 
and assigning attributes in the remaining spatial setup process. Virtually all slivers had their origin in 
the SFP and CLC layers and were the result of digitisation distortions between layers with different 
priority when making the land-use layer (Figure 11). Some large polygons (up to 340 ha) originating 
from SFP commonage grazing land had a very long perimeter in relation to their area. Additionally, 
several of the slivers had a circular or rectangular shape, thus not having a high perimeter-area ratio, 
which is typical of long and thin slivers. Therefore, perimeter-area ratio formulas were not used to 
identify slivers. Remsoft Woodstock has an option to ignore polygons that are very small, and this 
threshold was set to 0.2 ha. The Eliminate tool was used to reduce the number of polygons in the 
land-use layer, essentially merging slivers smaller than 0.2 ha to the largest adjacent polygon. More 
than half the number of polygons were identified as slivers (i.e. 13,646 of 24,919) and they only 
accounted for 0.6% of the CSA area (i.e. 466.4 ha of 77,373.1 ha). 
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Figure 11. Example of slivers in the land-use layer. 
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2.4.3.2 Soil Information Data 
This section described the two main sources of soil information that were available for use, including 
their differences, similarities, and the reason for choosing one over the other. The method used for 
assigning soil attributes to polygons is also described.  

2.4.3.2.1 Irish Forest Soils vs Irish Soil Information System 
Two soil information datasets were available for use: the Teagasc - EPA Soils and Subsoils Mapping 
Project (referred to as the IFS; Irish Forest Soils) (Fealy et al., 2009), and the Irish Soil Information 
System (Teagasc & EPA, 2014). The basis for the IFS was to produce a forest productivity map, using 
codes to describe soil properties important for forestry, i.e. drainage, calcareousness, soil depth, the 
presence of gleying, and whether peat is present. Both datasets have been produced through soil 
modelling, based on extensive county soil surveys carried out in the 1950s, 1960s and 1970s that 
covered almost half of all Irish counties (Jones et al., 2012). County Galway (location of the CSA) was 
not surveyed, but data from these soil surveys, in addition to data on land uses, climate and 
topography were used in the soil modelling that resulted in two country-wide soil maps (Fealy et al., 
2009; Jones et al., 2012). Apart from IFS being at a scale of 1:50,000 and the Irish Soil Information 
System at 1:250,000, the main difference is that the former uses soil groups while the latter uses soil 
associations. Soil associations describe soils that are usually found together in the landscape and 
each association comprises a number of soil series. Soil associations and soil series are named after 
geographical areas and are compatible with soil maps in other EU countries, thus they are suitable 
for international reporting on soil and water status (Creamer et al., 2014). Soil associations belong to 
a soil group and soil series belong to a soil subgroup, with the soil groups and soil subgroups being 
linked to information which describes the soil properties, i.e. information relevant for foresters. 
However, not all soil associations are made up of soil series with similar soil properties, e.g. some 
soil associations include brown earths, podzols and gleys, but even if their approximate proportions 
are known, their location is not digitised on a map, making it difficult to know where they are 
located.  

Both soil maps have similar soil distribution patterns and there is very little difference between the 
areas occupied by different soil types. The higher resolution of IFS results in a more fragmented map 
and subsequently includes more soil diversity, as some of the finer detail is lost with the Irish Soil 
Information System’s lower resolution. It was decided to use the IFS, as it is already used in forest 
productivity models and species suitability tables, and it include less ambiguity about a site’s soil 
type and properties.  

2.4.3.2.2 Assigning soil attributes to polygons 
Forests are often managed in the form of stands (i.e. polygons) with boundaries that are based on 
historical management of the site. Although the boundaries are sometimes redrawn, they are often 
maintained throughout and beyond the rotation period. Rather than splitting a polygon based on the 
location of different soil types, the stand boundaries were maintained and the most prevalent soil 
type by area was assigned to the entire polygon. The Identity tool was used, with the land-use layer 
as input and the IFS soils as the identity feature (Figure 12, left). This split the polygon if more than 
one soil type was present in the polygon and each sub-polygon area was calculated. The Dissolve 
tool was used, retaining the unique-ID and IFS soil type to summarise the total area of each IFS soil 
type in a polygon (Figure 12, middle). It was necessary to summarise the total area of each IFS soil 
type in each polygon because a land-use polygon could be split into multiple sub-polygons with the 
same IFS soil type. Finally, the Dissolve tool was used again resulting in the most common soil type 
being assigned to the whole polygon (Figure 12, right). Appendix B: Irish Forest Soils, contains a 
comprehensive list of all IFS soils and their descriptions. 
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Figure 12. Soil types and their areas in a polygon (left); note that BktPt (Blanket peat) occurs twice; both the top-left and 
bottom-left corner of the polygon. Soil types and their total area per polygon (middle). Dominant soil type assigned to the 
entire polygon (right). 

2.4.3.3 Native Woodland Sites and Old Woodland Sites 
GIS data on Possible Ancient Woodland (PAW), Long-Established Woodland (LEW), and Native 
Woodland Sites (NWS) were acquired from the NPWS website. Due to digitisation distortion 
between the Coillte forest inventory, Forests2015, and the NPWS data, some forest polygon 
boundaries differed from the PAW, LEW, and NWS boundaries. The PAW, LEW, and NWS attributes 
were assigned based on coverage using the Intersect (coverage) tool. Initially all polygons with more 
than 90% coverage were assigned either Old Woodland Site (OWS) status (for PAW and LEW) or 
NWS status (Figure 13, left). Several small forest polygons had slightly lower coverage but were 
assigned the OWS or NWS status anyway; the lower coverage being the result of the shoreline 
between the OWS and NWS and lakes being included in the forest polygons (Figure 13, right). These 
polygons with lower OWS or NWS coverage were not classed as production forest, as they lacked 
information on species (they were only identified as broadleaf or conifer) and age, so they could not 
be modelled properly. Additional polygons were included when Coillte OWS data were added. Coillte 
OWS are not always considered PAW or LEW according to the NPWS definition, but they have a high 
biodiversity value and their conservation designation means these forest areas will be allowed to 
develop naturally.  

 

Figure 13. Assigning NWS and OWS status to polygons with high coverage (left). Some polygons were included that had 
lower coverage due to digitisation differences between data sources (right). The white area in the right figure is Lough 
Corrib. 

2.4.3.4 Elevation 
The Zonal statistics as table tool was used with the land-use layer as a mask to extract the average 
polygon elevation, from the 75 m pixel resolution elevation raster layer provided by the UCD Urban 
Institute. This process extracted elevation values for about 90% of the polygons, but no elevation 
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was extracted for the smallest polygons. The tool Raster to polygon was used on the elevation raster 
layer, then a Spatial join was used to assign the average elevation to the small polygons without 
elevation in the land-use layer. Both methods created very similar elevation values where there was 
an overlap. The first method (Zonal statistics as table) took priority in assigning elevation and the 
Raster to polygon method was only used to assign elevation values to the small polygons. All 
elevation values that were negative or zero were changed to 1 m elevation. 

2.4.3.5 Productivity – Yield Class  
Productivity prediction is an important feature as it determines stand development, which in term is 
linked to expected timber yield and other ESs from the dvtyp. Thus, a correct YC is crucial for 
Woodstock to link the correct yield table to the dvtyp. When dvtyps are clearfelled and reforested in 
a Woodstock model, information on site productivity can be retained through dvtyp transitions (see 
section 2.2.6). However, if the species changes during reforestation, the previous species and 
species-specific YCs cannot be retained through two transitions without adding a large number of 
transition options, making the Woodstock model unreasonable large. Thus, to keep the original 
Coillte field observed productivity in the theme attributes during dvtyp transitions, it was necessary 
to transform the individual species YC to SS YC and use this as the universal site productivity 
measurement. The Coillte forest inventory data contained YC for all its stands, but the private forest 
data did not. The productivity for SS YC was predicted for all private forests in the CSA (Forests2015) 
at the start of the model run using an adaptation of the model developed by Farrelly et al. (2011a) 
(Eq. 8). 

 𝑆𝑆 𝑌𝐶 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝑠𝑜𝑖𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 ∗ 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  (8) 

where SS YC is given in m3 ha-1 yr-1, the constant is 23.953801, the soil constant is found in Table 8, 

elevation is given in m, and the elevation coefficient is -0.01425.  

The ALTERFOR model operated on SS YC as a universal site productivity indicator for all productivity 

measurements and yield table use, and thus there was no need to convert the predicted SS YC for 

private stands to the species-specific YC. Most of the stands in the Coillte forest inventory contained 

Sitka spruce, and in those cases the Coillte forest inventory SS YC was assigned to the stand. When 

no SS YC was present in the stand, the field observed YC of the dominant species was converted to 

the lowest corresponding SS YC using a lookup table (developed by Phillips et al. (2009)) (Table 9). 

For example, the productivity of a site planted with lodgepole pine with a species-specific YC of 10 in 

the Coillte inventory would be converted to SS YC 12. All transformations of species-specific YCs to 

SS YCs were done before the land-use layer was imported into the ALTERFOR model and the SS YC 

was stored in Woodstock theme 2: Productivity (section 2.5.2). The species-specific YC was not 

stored in the ALTERFOR model but was saved in the land-use layer in case it would be needed for 

future research. Woodstock assigned the correct species-specific yield table to a dvtyp based on 

species and SS YC, using Table 9. For example, as shown in Table 9, for a stand of lodgepole pine with 

YC 10 growing on a site with the corresponding SS YC 12, the model would use the GROWFOR yield 

table for lodgepole pine YC 10. And if that dvtyp was clearfelled and replanted with alder, the site 

productivity would still be SS YC 12, but the dvtyp would now use the yield table for alder YC 6, and if 

that dvtyp was then clearfelled and planted with Scots pine, the site productivity would still be SS YC 

12, and the dvtyp would now use the yield table for Scots pine YC 8. The model often used the same 

species-specific yield table for dvtyps with the same species but grown on sites assigned different SS 

YCs. For example, as shown in Table 9, lodgepole pine dvtyps on sites with assigned SS YCs of 16, 18, 

20, 22, 24 or 26, all used the GROWFOR yield table for lodgepole pine YC 12 in the model. 
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Table 8. IFS soils and their soil coefficient for determining site productivity using Eq. 8. See 9.2 Appendix B: Irish Forest Soils 
for a detailed description of IFS soil characteristics  

IFS Soils Coefficient 

AlluvMIN 3.715766 

AminDW 3.484182 

AminPD -2.48138 

AminPDPT 1.378512 

AminSP -5.04906 

AminSRPT -2.06228 

AminSW -0.06622 

BktPt -6.50477 

BminDW 0.321238 

BminPDPT 6.972314 

BminSW -1.27344 

Cut -3.15731 

FenPt 6.915323 

Made 2.17443 

Scree 2.17443 

 

Table 9. Lookup table to determine the YC (m3 ha-1 yr-1) of species based on the estimated SS YC. Source: Phillips et al. 
(2009) 

 
Sitka spruce YC 

Species  6 8 10 12 14 16 18 20 22 24 26 28 30 

Douglas fir 6 8 10 10 12 14 16 16 18 18 20 22 24 

Japanese larch 4 6 6 8 8 10 10 10 12 12 14 14 14 

Lodgepole pine 6 8 8 10 10 12 12 12 12 12 12 14 14 

Noble fir 6 8 10 12 12 14 16 16 18 20 20 22 22 

Norway spruce 6 8 10 10 12 14 16 18 20 20 22 22 22 

Scots pine 4 6 8 8 10 10 12 12 12 14 14 14 14 

Alder 4 4 4 6 6 6 8 8 8 10 10 12 12 

Ash 4 4 4 6 6 8 8 8 10 10 12 12 12 

Beech 4 4 4 4 4 6 6 6 8 8 10 10 10 

Birch 4 4 4 4 6 6 6 8 8 8 10 10 12 

Oak 4 4 4 4 4 6 6 6 8 8 8 8 8 

Sycamore 4 4 4 6 6 8 8 8 10 10 12 12 12 

 

2.4.3.6 Assigning Natura2000 status, FPM sensitive areas, wind zones, and catchments  
The remaining necessary information was assigned to the land-use layer based on the polygons’ 
geographic location using the Spatial join tool. Polygons in the land-use layer were assigned 
attributes from the other shapefiles if their geographic locations overlapped (Figure 14). The entire 
polygon was assigned the status even if only a small portion of the polygon overlapped. Land-use 
layer polygons that were inside two attribute zones from the same layer were assigned the 
attributes of the one with the greatest coverage.  
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The layers assigned in this manner are: 

• Natura2000 sites are EU environmental policy designations for conservation of species and 
habitats. In Ireland there are four such designations: Special Areas of Conservation (SAC, EU 
Habitats directive), Special Protection Areas (SPA, EU Birds directive), National Heritage 
Areas (NHA), and proposed NHA (pNHA). 

• Freshwater Pearl Mussel (FPM) sensitive areas are important due to constraints on forest 
management and appropriate buffer width. 

• Wind zones determine the level of windthrow risk (Miller, 1986). 

• EPA determined catchments and sub-catchments, to determine waterflow pathways. 

 

Figure 14. Example of assigning freshwater pearl mussel catchments to the land-use layer. Other zones, such as 
environmental policy designations, were assigned in a similar manner. The entire polygon was assigned the status, even of 
only a portion was covered by the environmental policy designated area. 

2.4.3.7 Splitting polygons based on forest buffer zones 
In Irish forestry, buffer zones, or setbacks, are defined by the Forest Service for afforestation (Forest 
Service, 2016a) and reforestation (Forest Service, 2017a). The buffers were introduced in the late 
1990s, and since many forest stands were established before buffers were introduced, many stands 
do not comply with current environmental policy. Current forest practice is to parcel off the future 
buffer zone area and establish a buffer zone during subsequent forest management actions. The 
land-use layer contained a mixture of existing buffers and forest stands with no buffer zone portions. 
Forested and non-forested polygons with buffer status were identified, and the forest polygons were 
split along the proper buffer width and potential buffer zone status was assigned to the parts of the 
stand that should become buffer zone. The remainder of the stand was kept as a regular forest stand 
and the two parts were assigned an AA-unit index so that they were treated as one stand in the 
ALTERFOR model unit they were treated with the same action and transitioned differently. Thus, the 
ALTERFOR model could identify potential buffer zones and convert them to proper buffer zones 
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during future management actions. There are three types of buffers considered when splitting 
polygons: archaeological, roads, and water.  

• Archaeological: all mapped archaeological monuments in the CSA were situated in fields or 
in open landscape and not in forests; thus, monument buffers were not included in the DSS. 

• Roads: County Council roads: a dataset produced by Coillte was used to assign a 20 m wide 
buffer to all Coillte and private forests stands along both sides of all County Council roads. 
This buffer comprises 10 m open land adjacent to the road, bordered by a 10 m broadleaf 
forest buffer. To reduce model complexity, a standard 20 m buffer zone with that was 
planted with 50% broadleaves was used. 

• Water: only Coillte and Forests2015 sourced polygons were subjected to the forestry water 
buffer zone treatments. The water buffer width depends on three factors: slope, presence of 
peat soil, and location within 6 km hydrological distance upstream of an FPM site (Table 10). 
The Buffer tool was used to create the three different water buffer zone widths. After 
selecting the polygons that met the respective buffer criteria, the Clip tool was used to split 
polygons and assign the appropriate buffer status (Figure 15). The water buffer status took 
precedence over road buffer where the two overlapped. The buffer width was assigned 
based on polygon status. Thus, if a polygon was partially inside an FPM catchment, all 
watercourses in that polygon would receive FPM buffer zone width, not just the 
watercourses in the actual FPM catchment. The same buffer width was assigned on both 
sides of the watercourse and waterbody. 

Table 10. Water buffers used in Irish forestry, depending on slope, occurrence of peat soils, and upstream location within 6 
km hydrological distance from an FPM site 

Slope leading to aquatic zone Buffer zone width 
(m) 

Buffer zone width (m) for sites 
with either peat soils, or 

located within 6 km upstream 
of an FPM catchment, or both 

Moderate (0-15%) 10 20 

Steep (15-30%) 15 25 

Very steep (>30%) 20 25 
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Figure 15. Different water buffer zone widths (setbacks) depending on site factors. Site factors affecting buffer width were 
applied on a polygon basis, rather than by site factors. Thus, if a polygon was partially inside an FPM catchment, all 
watercourses inside that polygon will receive the wider buffer, not just the watercourses inside the actual FPM catchment.  

2.4.4 Spatial setup within Remsoft 
The land-use layer was imported into Remsoft Woodstock as an ESRI shapefile. Due to the vast 
amount of information contained in the land-use layer for each polygon (e.g. elevation data in 
metres), it would generate an unnecessarily large Woodstock matrix, possible too large to solve or at 
least too large to solve within reasonable time limits. Thus, it was necessary to group data to reduce 
the matrix size, making it solvable, while retaining enough relevant detail. Section 2.5 details the 
setup of data within the ALTERFOR model, the site-specific data that were retained, and the steps 
taken towards reducing the linear programming matrix size so that it could be solved within a 
reasonable time. A full list of all the attribute data contained in the land-use layer is not provided. 
Many columns contained data that was amalgamated into one theme (e.g. different fields for 
species one, two, and three) or simply stored intermediary calculations done within the GIS spatial 
setup.  

2.5 Setting up ALTERFOR model themes 
Woodstock uses an object-oriented design where themes are used to distinguish characteristics that 
describe polygons, or in our case to describe forest stands. The model developed for the study 
presented in this thesis used 18 themes to describe polygon specific information that Woodstock 
could interpret. Themes were defined based on data contained in the land-use layer and were used 
to assign yields and forest management actions to polygons. The themes included in the model are 
described individually in the following sections (2.5.1 to 2.5.14, Table 11). To reduce model size, 
three different approaches were taken to simplify attribute data in the model: grouping, aggregation 
and theme concatenation. 

• Grouping reduced the level of detail transferred from the spatial vector-based land-use layer 
to the ALTERFOR model themes. For example, rather than using individual elevation values 
in metres, all values between 1 and 100 m were grouped to elevation 50 m. 
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• Aggregation simplified the model by declaring yields and management actions for an 
aggregate of themes, e.g. clearfelling can be declared for an aggregate of all conifers, rather 
than declared for each conifer species individually. 

• Theme concatenation simplified the model by string concatenating several attribute fields 
on whether a polygon is or is not within a specific type of zone into a single theme attribute. 
For example, the Theme 5 attribute DEF was the result of string concatenating three 
columns for a polygon within SPA (D), SAC (E), and NHA (F) designation zones. Subsequently, 
an aggregate can be declared to refer to all polygons containing a specific theme 
concatenation, i.e. aggregate D_agg refers to concatenations D, DE, DEF etc.  

 

Table 11. The 18 themes used in the ALTERFOR model 

Theme number Attribute type 

1 Land use, Forest species 1, 2, and 3  

2 Species 1 YC  

3 Species 1 proportion 

4 Wind zone (Temporarily unused) 

5 Environmental designation zone 

6 Soil type 

7 Site preparation eligibility 

8 Owner type 

9 Thinning history 

10 Elevation 

11 Polygon status 

12 Species 2 YC 

13 Species 2 proportion 

14 Species 3 YC 

15 Species 3 proportion 

16 Water sedimentation risk factors (Unused) 

17 Sub-catchment (Unused) 

18 Species with highest productivity (Unused) 

 

2.5.1 Theme 1: Land-use and tree species  
Theme 1 refers to current land uses, with a focus on forest tree species. Up to three tree species per 
forest stand could be accommodated in the model. The information was contained in Theme 1 by 
string concatenating species abbreviations based on the descending order of species proportional 
occupancy of a polygon, e.g. Sitka spruce (SS) dominated stands with birch (BI) as secondary species 
were concatenated SS_BI. Species were grouped in the ALTERFOR model theme setup based on 
available growth and yield curves (Table 12); species that were less common were thus grouped with 
species with similar growth patterns. Aggregates were used to apply growth and yield curves to 
species, e.g. the aggregate SSag_sp1 (Sitka spruce aggregate species 1) applied to all polygons where 
Sitka spruce was the first species, such as SS, SS_BI, and SS_BI_ALD. Non-forest land uses were not 
concatenated, as each polygon could only contain a single non-forest land-use, i.e. bog (BG), scrub 
(SB), grassland/pasture (IG), and low-intensity grassland (LG). The species ash, alder, and Sycamore 
used the birch growth and yield table but since they had their own climate change productivity 
impacts, they were kept separate in the ALTERFOR model, this also enabled their area and volume to 
be recorded.  

  



58 
 

Table 12. Theme 1 tree species groupings by available growth and yield tables 

Growth and 
Yield Table Used 

Species Grouping code 
Species 

Beech BE Beech 

Birch BI Birch, Rowan, Poplar, Other broadleaves  

Birch AS Ash 

Birch SY Sycamore 

Birch AL Alder 

Douglas fir DF Douglas fir 

Japanese larch JL Japanese larch, Hybrid larch, 
European Larch 

 

Lodgepole pine LP Lodgepole pine, Corsican pine 

Noble fir OCON Noble fir, Western hemlock, Monterey pine, 
Grand fir, Silver fir 

Norway spruce NS Norway spruce 

Oak OA Oak 

Scots pine SP Scots pine 

Sitka spruce SS Sitka spruce 

  

2.5.2 Themes 2, 12 and 14: Productivity  
Themes 2, 12, and 14 refer to species productivity, given in SS YCs. The ALTERFOR model initially 
used species-specific YC for species 1, 2, and 3, but after analysing the first results it was decided to 
use SS YC to maintain the site productivity regardless of what species was planted. Thus, the same SS 
YC attribute value was given to theme 2, 12, and 14. No YC was provided for non-forest land-uses. 
Productivity data were in most cases available from the Coillte forest data and the SS YC was used in 
the ALTERFOR model to assign the appropriate yield tables and thinning actions to a dvtyp. Due to 
species having different characteristics and different responses to their growth environment, the 
species-specific YC ranges and available yield tables vary between species (Table 13). Grouping of 
data was applied to YC values outside the ranges of available yield tables, e.g. 14P includes YC 14 
and all higher YCs. 

Table 13. Species-specific YC ranges used in the DSS. M and P indicate respectively the minimum and maximum YC in the 
available growth and yield tables, e.g. 10P includes YC 10 and all higher YCs.  

Species yield curve 
   

Yield classes 
     

Beech 4M 6 8 10P 
       

Birch 4M 6 8 10 12 14P 
     

Douglas fir 4M 6 8 10 12 14 16 18 20 22 24P 

Japanese Larch 4M 6 8 10 12 14P 
     

Lodgepole pine 4M 6 8 10 12 14 16P 
    

Other conifers 4M 6 8 10 12 14 16 18 20 22P 
 

Norway spruce 4M 6 8 10 12 14 16 18 20 22P 
 

Oak 4M 6 8P 
        

Scots pine 4M 6 8 10 12 14P 
     

Sitka spruce 4M 6 8 10 12 14 16 18 20 22 24P 
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SS YCs were used throughout the ALTERFOR model to retain site productivity information and since 
the growth and yield tables were developed for species-specific YCs they were changed to the 
corresponding SS YC value of the site. If the field observed YC in the GIS data was a species-specific 
YC, it was converted to the corresponding SS YC during the spatial setup in the ALTERFOR model, 
reversely using Table 9. All growth and yield tables dvtyp masks in the ALTERFOR model were also 
linked by species and corresponding SS YC. For example, the dvtyp mask in the yield table for 
lodgepole pine YC 10 had its dvtyp mask theme 2 attribute (productivity) converted to the 
corresponding SS YC 12 and 14. Thus, the original GROWFOR lodgepole pine YC 10 yield tables were 
applied to all lodgepole pine stands on sites with both corresponding SS YC of 12 and 14. The 
ALTERFOR model operated on SS YC for all productivity measurements and yield tables, and therefor 
there was no need to further convert the predicted SS YC for private stands. The CSA was very 
homogenous in elevation, so the SS YC prediction model (Eq. 8) only predicted two YC values for 
blanket peat sites: 14 and 16 for Sitka spruce, and 10 and 12 for lodgepole pine. Although this 
estimation was similar to the average field observed YC, there were many sites with very low and 
very high field observed YC. Using the estimated YC meant information was lost about the 
productivity of these extreme sites. A more in-depth explanation is included in the discussion, 
section 4.3.5. 

2.5.3 Themes 3, 13 and 15: Species proportion 
Themes 3, 13, and 15 refer to the species proportions of species 1, 2, and 3 in theme 1. Species 
proportion was an important attribute as all yield tables assume 100% stocking for the respective 
species. Species proportion was used to scale down the yield values to the actual species 
proportions present in the stand. To reduce model size, the species proportion data was grouped by 
rounding down the proportion to the nearest 10%. The 5% and 25% proportions were also 
maintained as they were necessary to implement reforestation of certain species mixtures. The 
Coillte inventory contained data on the total stand stocking level and these data were used to scale 
the species proportions. For example, if the proportion of species 1 was 100% and the total stand 
stocking was 70%, species 1 proportion was changed to 70%. Polygons with non-forest land-uses 
were assumed to be fully covered by that land-use. 

2.5.4 Theme 4: Wind zone 
Theme 4 wind zone was assigned, but not used in the model as the entire CSA was in the same wind 
zone. Instead, theme 4 was used to store Newtypes (section 2.9.3.2 Deadwood carbon), which were 
used for accounting carbon stored in decaying deadwood and harvested wood products. 

2.5.5 Theme 5: Environmental designation 
Environmental designation codes were concatenated to reduce the model size (Table 14). The 
environmental designations were already described in section 2.4.3. See point 3 in section 2.5 for a 
description on how the concatenation method works.  
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Table 14. Environmental designation codes and what they refer to 

Environmental code Description 

D Special Protection Area – SPA 

E Special Area of Conservation - SAC 

F National Heritage Area - NHA 

G Proposed National Heritage Area – pNHA 

H Old Woodland Site – OWS 

I Native Woodland Site - NWS 

J Polygon within the FPM Owenriff catchment  

K Polygon within another FPM catchment 

L Polygon within 20 m of a road to create road buffer 

M Polygon that is or should be converted to water buffer 

 

2.5.6 Theme 6. Soil type 
Soil type is an important attribute for determining site productivity, species choice for forestation, 
and feasibility that the site can support heavy machinery for commercial thinning. Furthermore, 
during the setup of themes, soil type was used to influence theme 7 (Site preparation eligibility). All 
IFS soil types (Appendix B: Irish Forest Soils) did not have coefficients for use in in the productivity 
models, so some grouping of similar soils types was required in the spatial setup to accommodate 
proper YC estimations during forestation (Table 15).  

Table 15. Soil grouping based on similar soil type. See Appendix B: Irish Forest Soils for details on IFS soil codes and soil 
properties 

  

 

 

 

 

 

2.5.7 Theme 7: Site preparation eligibility 
Generally, site preparation refers to management prescriptions such as windrowing, bundling, 
mounding, and fertilising. However, mounding and drainage was the only site preparation 
prescription included in the model, and was only applied to mineral sites since peat sites utilise the 
old plough ribbon (Clarke, 2016). Windrowing was performed on all sites, both on mineral soil and 
blanket peat, and was incorporated in the reforestation cost. Since much of the top and branches 
are used in brash matt, bundling was not included in the model. Fertilisation was not used in the 
ALTERFOR model, but eligible sites were included in theme 7 for future use. The theme value was 
concatenated (like theme 5) and the criteria used in this process are outlined in section 2.6.1.  

2.5.8 Theme 8: Owner type 
Owner type was primarily used to determine if the forest is privately owned or owned by Coillte. 
More information on how owner types affect the model can be found in section 2.7 Owner types. 

IFS grouping IFS soils 

AminPD AminPD BminPD 

AminSP AminSPPT BminSP 

AminPDPT AminPDPT AminSPPT 

BminPDPT BminPDPT BminSPPT 

AminSRPT AminSPRT BminSRPT 

AlluvMin AlluvMin Lac 
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2.5.9 Theme 9: Thinning history 
Thinning history was used to record performed thinnings, which was important since a stand could 
only be subject to a subsequent thinning if the preceding thinning had been performed, e.g. the 
third thinning could only happen if the stand had received the second thinning. Performed thinning 
up until 2016, were assigned to Coillte stands in the GIS setup phase. Thinning history was also a 
very important theme attribute to link stands to the right growth and yield table, since different 
thinning prescriptions result in different diameter development, average tree size, stand volume, 
timber assortments etc. There were three different structures of theme 9, each relating to different 
stand types: 

• Conifer thinnings were constructed by concatenating the thinning number and at what age 
each thinning was performed. For example, a conifer stand that was thinned 4 times, on a 4-
year cycle, starting at age 19 would receive the following theme 9 attributes after each 
consecutive thinning: 
TH1@19 → TH1@19TH2@23 → TH1@19TH2@23TH3@27 → 
TH1@19TH2@23TH3@27TH4@31. 

• Continuous Cover Forestry (CCF) thinnings were only eligible for broadleaf stands and NWS 
areas in the CSA. Since a stand could be CCF thinned every 5 years over the 100-year 
planning horizon, this would result in a very long theme 9 attribute if the conifer thinning 
concatenation model was applied. The CCF theme 9 attribute consisted of three 
concatenated values: CCF, thinning number, and age at last thin. Thus, a stand CCF thinned 
for the first time at age 15 would develop as such: CCF1_15 → CCF2_20 → CCF3_25 etc.  

• Commercial broadleaf thinnings refers to stands managed towards clearfelling, as opposed 
to CCF stands that are continuously thinned. It was possible to commercially thin a broadleaf 
stand up to 15 times before clearfelling, so the model of concatenating all thinnings was not 
used. The approach concatenated four different values: thinning start age, thinning interval 
in years, thinning number, and age at last thinning. Thus, a broadleaf stand thinned for the 
first time at age 20, on a 15-year interval would receive these attributes for theme 9: 
20_15_1_20 → 20_15_2_35 → 20_15_3_50 etc.   

2.5.10 Theme 10: Elevation 
Elevation data were an important factor in windthrow risk assessment and species selection for 
forestation. Using actual metre values would lead to a very large matrix, while adding little valuable 
detail, so elevations values were grouped into silvicultural relevant ranges (Table 16). These 
elevation ranges were mainly based on recommendations by Horgan et al. (2003), with some 
amendments based on the Coillte silvicultural standards specific to western Ireland. 

Table 16. Elevation ranges used in the model, grouped for silvicultural relevancy  

Elevation 
range (m) 

Assigned elevation in 
model (m) 

1 to 100 50 
 

101 to 150 125 
 

150 to 200 175 
 

201 to 300 250 
 

301 to 400 350 
 

401 to 500 450 
 

501 + 550 
 

 

2.5.11 Theme 11: Polygon status 
Polygon status acted as a switch when stands underwent changes, e.g. existing (Exn) polygons 
changed to cutover (Co) after a clearfell action, and then to reforestation (Refor) or native woodland 
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reforestation (NWSRefor), depending on the chosen reforestation option. Polygon status (Table 17) 
was also a useful attribute to track different types of areas, e.g. reforested area, clearfelled area, and 
native woodland area.  

Table 17. Polygon statuses and their description 

Status Description 

Afor An afforested site 

Ag Agricultural land use 

BGrestor   Bog restoration 

Co   A clearfelled forest site, eligible for planting 

Exn   An existing forest, not specified whether afforested or replanted 

ExnBuf   Existing buffer zones 

MKB      Alternative FMM - Modified Kronoberg 

NWSAfor Afforested as a native woodland site 

NWSex   An existing native woodland site 

NWSRefor Native woodland reforested site 

PCBuf   Potential Cut Buffers, special intermediate status to establish buffer zones  

PotBuf   Potential buffers - should be felled and established as buffer zones 

PotBufCF  Potential buffers primed for clearfelling when parent stand received thinning 

Refor   Reforested site (planted) 

ReforAFMM1600 Reforestation with alternative FMM - lodgepole pine planted at 1,600 stems ha-1 

ReforAFMM1100 Reforestation with alternative FMM - lodgepole pine planted at 1,100 stems ha-1 

ReforAFMM600 Established as alternative FMM Nephin thin through thinning 

Upl   Unplanted since 2013 or earlier 

 

2.5.12 Theme 16: Water sedimentation risk factors 
The previous INTEGRAL Woodstock model incorporated water sedimentation risk to track forestry’s 
impact on water quality. The current model utilised another concept that estimates nutrient 
leeching into water, thus theme 16 was unused.  

2.5.13 Theme 17: Sub-catchment 
Information regarding sub-catchment was contained in theme 17. This information was unused in 
the current study and could thus be used for potential future developments. 

2.5.14 Theme 18: Species with highest productivity 
Theme 18 indicated to the model the species with the highest YC, to determine on which species 
thinning decisions should be based. All species-specific YCs were converted to SS YC, and since SS YC 
was incorporated to maintain the most accurate data on stand productivity, this theme has been 
made redundant and is thus unused.  

2.6 Forest management prescriptions 
The actions defined in the action section are the main tools that an optimisation-based Woodstock 
model prescribes to dvtyps in order to reach the objectives. Actions are the interventions, or forest 
management prescriptions, that a Woodstock model can produce for dvtyps with eligible attributes.  
Eligibility statements for each action are defined in the Action sections, while the Transition section 
contains information of how dvtyps change after each action. For a Woodstock model to have local 
relevance and provide useful decision support, it is important that the defined actions represent 
forest management prescriptions in the area being modelled. Typical forest management 
prescriptions in Ireland include site preparation (fencing, windrowing, bundling, mounding, 
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fertilising), tree planting/forestation, thinnings for conifer and broadleaves, CCF thinnings, and 
clearfelling operations. All the prescriptions included in the ALTERFOR model for the purpose of this 
study are summarised in Table 18 and explained in more detail below. Costs and revenues 
associated with all forest management prescriptions are presented in section 2.9.1 Net Present 
Value. 
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Table 18. Summary of forest management prescriptions included in the ALTERFOR model and their eligibility, grouped by 
Site Preparation, Forestation, Harvesting, and Retention  

Forest management 

prescription 
Stand attributes for management prescription eligibility 

 
Site Preparation 

Windrowing, Mound, 

drain soil 

scarification, drain 

clearing/digging 

Windrowing and other site preparation actions were assumed to be done on all stands at reforestation. Mound or 

mound and drain was performed as ground cultivation on most mineral soil sites. Soil scarification was done on well-

drained soils, while drain clearing/digging was done as ground cultivation on peat sites.  

Fencing Necessary to keep out deer and sheep from plantations.  

Fertilisation 

Although common in Irish forestry, Coillte does not apply fertiliser in the CSA. The sensitivity of Natura2000 

designated areas and FPM catchment mean aerial fertiliser application is not permitted, and there is not enough 

manpower to fertilise manually. Fertilisation was not an option for any forest, regardless of owner type. 
 

Forestation 

Reforestation 

The Grant Premium Categories (Forest Service, 2015a) were included as a basis for eligible reforestation options. Soil 

and elevation eligibility were based on Horgan et al. (2003). All broadleaves and conifers were eligible on good to 

medium mineral soils, Sitka spruce and lodgepole were also eligible on poor mineral soils, and lodgepole pine was 

eligible on peat soils. Broadleaves were eligible up to 120 m elevation (per Coillte recommendation for western 

Ireland), all conifers were eligible up to 200 m, Sitka spruce was eligible up to 300 m, and only lodgepole pine was 

eligible above 300 m. Vegetation control and weevil control were assumed to be applied to all plantations, as was 

inspection of plantation to ensure successful establishment. 

Native woodland 

establishment 

The four native woodland establishment schemes (Forest Service, 2015d) were included, only eligible on better mineral 

soils up to 200 m elevation (the 120 m limit for western Ireland being ignored since the purpose is not to establish a 

commercial forest). 

Buffer zone 

 

Buffer zones, or setbacks, are established adjacent to roads, FPM watercourses and watercourses to create an 

unmanaged area protecting sensitive features and providing biodiversity. Widths vary between 10-25 m, depending 

on slope, soil type, and protected feature (see section 2.4.3.7 for full details). Buffers were planted with a mix of 

broadleaves and/or left open for natural regeneration of native trees. Road buffers have 30% birch, 20% alder and 50% 

open area, FPM watercourse buffers have 20% birch and 80% open area, watercourse buffers have 100% open area.  

 
Harvesting 

Thinning 

Conifer stands with YC 14 or higher were eligible for thinning. Thinning was applied on a 4-year cycle and up to 4 

times, starting at age 19, 22, and 25. Sitka sprue had additional thinning start ages at 20 and 23. The different start ages 

varied somewhat by YC, but they also provide some flexibility in prescribing thinnings in various years. No conifers 

on blanket peat soil and no lodgepole pine stands were eligible for thinning (Clarke, 2016; Ruane, 2019). Broadleaves 

in private forests were eligible for up to seven thinnings, starting at age 13 on a 10-year interval for species on sites 

with SS YC equivalent of 22-30; up to 6 thinnings starting at age 20 on 15-year interval for species on sites with SS YC 

equivalent of 16-20; and up to 6 thinnings starting at age 28 on 20-year interval for species on sites with SS YC 

equivalent of 12-14. Broadleaf stands were eligible for indefinite continuous cover forestry thinning on a 5-year 

interval was eligible for all broadleaf stands, starting age 15. Thinning history, up until 2016, was assigned to stands in 

the GIS setup phase. 

Clearfell 

Clearfelling of a stand was possible when the dominant conifer's mean height was between 18 and 26 m, private 

conifer stands had to be at least 21 years old, as this is when they stop receiving State premia according to the previous 

afforestation scheme (Forest Service, 2012). Private broadleaf stands had to be older than 60 years to be eligible for 

clearfelling, Coillte broadleaves are not eligible for clearfelling due to company policy. 

 Retention 

Forest retention No prescription is an option for all stands. They mature without intervention.  
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2.6.1 Site preparation 
Site preparation refers to several actions that can take place before afforestation and reforestation 
and that are aimed at improving the site conditions to ensure improved seedling growth and 
survival. In Ireland these actions include fencing, windrowing, mounding, draining, and fertilisation.  

2.6.1.1 Fencing 
Fencing is a necessity when (re-)establishing forests to keep out deer and livestock (mainly sheep), 
which can cause browsing and trampling damage to seedlings. Deer fencing is higher than sheep 
fences and is only used where deer populations are high and where browsing susceptible species like 
Douglas fir and broadleaves are planted. In the model, this was represented with higher fencing cost 
for broadleaves and Douglas fir plantations. Half the site boundary was fenced for reforestation, 
representing the cost of fence repair and maintenance. 

2.6.1.2 Windrowing and bundling 
Windrowing refer to gathering all the harvesting residue (brash, lop and top) in long rows, usually 12 
metres apart. It is common practice to windrow on mineral soil and peat soil sites to make tree 
planting easier (Clarke, 2016). Bundling is the management prescription that involves bundling 
windrowed harvest residue and using it for bioenergy. There is little bundling in the CSA as most of 
harvest residue is used in the logging trails to reduce rutting and soil compaction. Thus, bundling was 
not included in the ALTERFOR model, but windrowing was done on all sites during site preparation.  

2.6.1.3 Ground cultivation 
Mounding is an action where soil is dug up and placed in mounds that are, usually, evenly spaced at 
2 m. Seedlings are planted in the mounds, and this reduces competing vegetation, reduces the risk 
of weevil damage, and provides a better growing environment for the plant roots. If necessary, 
mounding can be accompanied by draining, which is usually placed in 12 m intervals. Mounding was 
assumed to be carried out on all mineral soil forestation sites, except for old woodland sites, FPM 
sites, and sites with fertile peat (Table 19). Fertile mineral soils are subjected to soil scarification in 
Ireland, in which a disc trencher creates either continuous lines or intermittent patches where the 
hummus layer has been ripped to expose mineral soil, in which the seedlings are planted. Soil 
scarification works best on well-drained soils. Ground cultivation on fertile peat and blanket peat 
sites in the west of Ireland is limited as the plough-ribbon from the first rotation crop is often utilised 
for planting the second rotation crop (Clarke, 2016). Mounding will likely be used in places where 
the old plough-ribbon becomes unusable, but competing vegetation is usually not a big issue on peat 
sites. Soil scarification is not suitable for peat sites, but clearing old drains and digging new, localised 
drainage systems can be necessary as too high a water table can be problematic and delays crop 
establishment. 

Table 19. IFS soils in fertile peat and fertile mineral categories, on which mounding is not used. See Appendix B: Irish Forest 
Soils for details on IFS soil codes 

IFS soil groups in the fertile peat category IFS soil groups in the fertile mineral category 

BminSPPT AminDW 

AminPDPT BminDW 

BminPDPT 

Cut 
 

  

2.6.1.4 Fertilisation 
Fertilising used to be a very common site preparation action in Ireland and was often used to 
increase the YC of a crop or to prevent a stand from going into check (a condition where tree growth 
stops due to severe lack of nutrients). Due to FPM populations in surrounding catchments and areas 
protected by EU bird and habitat directives, an increased level of environmental consideration 
influences forest management in the area. This restricts the aerial fertilisation of forest stands. Manual 
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fertilization at €450 ha-1 is still possible but is not performed in the CSA as it requires more labour than 
is available (Flanagan, 2018). Sitka spruce can be established on drained and fertilised blanket bog sites 
(Renou-Wilson et al., 2008; Renou-Wilson & Byrne, 2015), but without fertilisation the species choice 
on blanket bog is limited to lodgepole pine. 

2.6.2 Forestation 
Forestation refers to the action of replanting a stand after clearfelling (reforestation) and the action 
of creating new forests on previously non-forested land (afforestation). Species suitability for 
different soil types and elevations was largely based on Horgan et al. (2003). Elevation suitability was 
amended based on Coillte’s silvicultural standards, and the inclusion of Native Woodland 
Establishment (NWE) planting options (Forest Service, 2015d). Rather than presenting suitability for 
individual species, soils and elevations, suitability was based on the Grant Payment Categories 
(GPCs) (Table 20) (Forest Service, 2015a). Appendix C: Grant Payment contains a comprehensive list 
of all GPCs and which Forest Management Models (FMMs) they correspond to. Both soil and 
elevation must be suitable for a GPC to be eligible for reforestation. Afforestation was not included 
in the current model as there has only been 26.5 ha of afforestation in the CSA in the last 16 years. 
By comparison, 855.4 ha were afforested in the 1980s, and 871.3 ha were afforested in the 1990s. 
The combination of poor mineral soils, blanket peat soils, the Natura2000 areas (EU habitat and bird 
directive), and the Owenriff FPM catchment makes it unlikely that many afforestation applications 
would be approved in the CSA. 

Horgan et al. (2003) base species suitability on different soil groups, which had to be matched to the IFS soils (the reasons 
for using IFS soils in this study are presented in section 2.4.3.2.1). Soil groups used by Horgan et al. (2003) often correspond 
to several IFS soil groups ( 

Table 21). However, the IFS soil groups were kept separate for determining site productivity and for 
NWE eligibility, since their soil requirements were very specific (Table 22). Horgan et al. (2003) 
outlined suitable elevation ranges where species can be used. These ranges were averages for the 
whole of Ireland and since the CSA is located in the extreme west of the country, Coillte’s 
silvicultural standards were used to reduce the suitable elevations for some GPCs and their species 
(Table 23).  
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Table 20. Forestation options based on GPCs; suitable species included and their proportions. See Appendix C: Grant 
Payment for a comprehensive list of all GPCs 

Grant 
Payment 
Category 

Sub-GPC Species 1 Species 1 
proportion 

% 

Species 2 Species 2 
proportion 

% 

Species 3 Species 3 
proportion 

% 
GPC2 GPC2_lp LP 100     

GPC2_lpss LP 80 SS 20   

GPC2_sslp SS 80 LP 20   

GPC3 GPC3_bl SS 80 BI 20   

GPC3_con_ssns SS 80 NS 20   

GPC3_con_ssjl SS 80 JL 20   

GPC3_con_ssdf SS 80 DF 20   

GPC4 GPC4_sp SP 100     

GPC4_df DF 100     

GPC4_jl JL 100     

GPC4_ns NS 100     

GPC4_nf NF 100     

GPC5 GPC5_bi BI 100     

GPC5_as AS 100     

GPC5_sy SY 100     

GPC6 GPC6_oa OA 100     

GPC7 GPC7_be BE 100     

GPC8 GPC8_ald ALD 100     

GPC9 GPC9_NWE1 OA 60 BI 30 SP 10 

GPC9_NWE2 OA 60 BI 30 AS 10 

GPC9_NWE3 AS 50 OA 25 BI 25 

GPC10 GPC10_NWE4 ALD 50 BI 40 AS 10 

 

Table 21. IFS soils used in this study linked to soil groups used in Horgan et al. (2003). See Appendix B: Irish Forest Soils for 
details on IFS soil codes 

Soil group IFS soil 

A BminDW Made 
  

B AlluvMIN AminDW 
  

I AminSRPT AminSW BminSW Scree 

J AminPD 
   

K AminPDPT 
   

L AminSP BminPDPT 
  

M BktPt 
   

P FenPt    

Q Cut 
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Table 22. GPCs and the soil groups they are suitable for. IFS soils are used for NWE since the establishment requirements 
are very specific 

GPC Soils group 

GPC2 A B I J K L M P Q 

GPC3 20% 
broadleaf 

 
B 

 
J K L M P Q 

GPC3 20% diverse 
conifer 

A B 
 

J K 
  

P Q 

GPC4 A B 
 

J K 
  

P Q 

GPC5 A B 
     

P   

GPC6 A B 
     

P   

GPC7 
 

B 
      

  

GPC8 
 

B 
 

J K 
  

P Q 

 IFS Soil 

GPC9 NWE 1 AminDW 

GPC9 NWE 2 AminDW 

GPC9 NWE 3 AminDW BminDW  

GPC10 NWE 4 AminPD  

 

Table 23. GPCs and their suitable elevations (indicated by ‘X’) based on theme 10 attributes (elevation ranges). See 
Appendix B: Irish Forest Soils for details on IFS soil codes 

GPC Suitable elevations (m) 

 50 125 175 250 350 

GPC2 - LP dominating X X X X X 

GPC2 - SS dominating X X X X   

GPC3 20% broadleaf X X 
  

  

GPC3 20% diverse conifer (NS & DF) X 
   

  

GPC3 20% diverse conifer (JL) X X X 
 

  

GPC4 (NS, DF, NF) X 
   

  

GPC4 (SP) X X 
  

  

GPC4 (JL) X X X 
 

  

GPC5 X X 
  

  

GPC6 X 
   

  

GPC7 X X 
  

  

GPC8 X X 
  

  

GPC9 NWE 1 X X X 
 

  

GPC9 NWE 2 X X X 
 

  

GPC9 NWE 3 X X 
  

  

GPC10 NWE 4 X X X     

 

2.6.2.1 Buffer establishment 
Three kinds of buffer zone establishment options were included in the ALTERFOR model: FPM water 
buffer, water buffer, and road buffer (Table 24). The buffer zone widths and how they were assigned 
is detailed in section 2.4.3.7. The same eligibility statement for buffer establishment applied 
regardless of soil type and elevation. The silvicultural soil and elevation restrictions for stand 
establishment refers to commercial stands and were not considered when establishing buffer zones. 
Establishment eligibility depends on environmental area (theme 5) and polygon status (theme 11). In 
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cases where a parcel of land was within two or more types of buffer, FPM water buffers had the 
highest establishment priority and road buffer the lowest.  

Table 24. Buffer establishment options 

Buffer type Buffer type composition (%) 

FPM water buffer Birch (20), buffer (i.e. scrubland) (80) 

Water buffer Buffer (i.e. scrubland) (100) 

Road buffer Birch (30), alder (20), buffer (i.e. scrubland) (50) 

 

2.6.2.2 Growth models and stocking levels 
The stocking density and spacing were dependent on available growth and yield tables, which in turn 
are based on common forestry practice (Table 25). The ALTERFOR model used a combination of Irish 
dynamic growth and yield tables from the GROWFOR software (Purser & Lynch, 2012), and static 
growth and yield tables produced the by British Forestry Commission (BFC) (Edwards & Christie, 
1981). Both sets of growth and yield tables are based on long-term empirical studies and are 
stratified by species, planting density, thinning regime and YC. The Irish models are better suited for 
Irish forests and growing conditions but were not available for all tree species in the CSA. The 
dynamic Irish yield tables use mathematical formulas to predict how stands develops from initial 
stocking density and their response to thinning, allowing the user to explore different management 
approaches. The ALTERFOR model uses dynamic yields tables by incorporating a very large amount 
of static yield tables that cover a wide range of thinning options. BFC yield tables are fixed for a set 
thinning prescription, deviations from which will introduce uncertainty. However, the BFC yield 
tables have empiric data for 80-year rotations for conifers and birches, and 150 years for beech and 
oak. The dynamic Irish tables are only modelled for 70 years, but the recommended maximum age is 
60 years. 

Table 25. Species (group) specific forestation stocking densities and the yield models used. GROWFOR: Irish dynamic yield 
models; BFC: British Forestry Commission models. Source: Coillte Woodstock model, Edwards and Christie (1981)  

Species (Groups) Initial stocking, 
plants ha-1 

Growth and yield model 

Douglas fir 3,360 GROWFOR 

Norway spruce 2,500 GROWFOR 

Scots pine 2,500 GROWFOR 

Sitka spruce 2,500 GROWFOR 

Noble fir / Other conifers 3,360 GROWFOR 

Lodgepole pine 2,500 GROWFOR 

Larch 3,360 BFC 

Beech 6,600 BFC 

Oak 4,400 BFC 

Birch (also used for ash, sycamore, alder) 4,400 BFC 

 

2.6.3 Thinning 
Thinning prescriptions were divided into three different categories as explained in section 2.5.9: 
conifer thinning, broadleaf thinning and CCF thinning. Thinning history, up until 2016, was assigned 
to Coillte stands in the GIS setup phase. In the following sections the thinning options are explained 
separately as they differ in dvtyp mask eligibility, thinning start age, thinning interval, and number of 
thinnings. 
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2.6.3.1 Conifer thinnings 
Conifer thinning options, except for larch, were based on the available Irish dynamic growth and 
yield tables produced by Coillte using GROWFOR. The thinning options were species-specific and 
covered a wide range of start ages (Table 26). Thinnings take place on a four-year cycle and up to 
four thinnings per stand were allowed. Some combinations of species, thinning start age, and YC 
were only eligible for two or three thinnings. Only conifer stands with a YC 14 or higher were eligible 
for thinning in the model, since this is the minimum YC where forestry is profitable. Additionally, no 
lodgepole pine stands were eligible for thinning, and no sites on blanket bog were eligible to be 
thinned (Clarke, 2016). Since SS YCs were used in the model, the species-specific YC was transformed 
to SS YC when declaring thinning eligibility in the action section. 

Table 26. Possible thinning options for the relevant species, including start age and number of thinnings, depending on YC 
(‘P’ indicates the values are also valid for all YCs greater than the one listed). The combination of thin start ages, and 
number of thinnings are those used by Coillte  

Species YC Number of thinnings by start age (years) 

19 20 22 23 25 28 

DF 14 4 0 4 0 4 2 

DF 16 4 0 4 0 4 2 

DF 18 4 0 4 0 4 2 

DF 20 4 0 4 0 4 2 

DF 22 4 0 4 0 4 2 

DF 24P 3 0 4 0 4 2 

JL 14P 4 0 0 0 0 0 

NF 14 4 0 4 0 4 2 

NF 16 4 0 4 0 4 2 

NF 18 4 0 4 0 4 2 

NF 20 4 0 4 0 4 2 

NF 22P 4 0 4 0 4 2 

NS 14 0 0 4 0 4 2 

NS 16 0 0 4 0 4 2 

NS 18 2 0 4 0 4 2 

NS 20 3 0 4 0 4 2 

NS 22P 3 0 4 0 4 2 

SP 14P 3 0 4 0 4 2 

SS 14 2 4 4 4 4 2 

SS 16 3 4 4 4 4 2 

SS 18 4 4 4 4 4 2 

SS 20 4 4 4 4 4 2 

SS 22 4 4 4 4 4 2 

SS 24P 4 4 4 4 4 2 

 

2.6.3.2 Broadleaf thinnings 
Privately owned broadleaf stands were eligible for clearfelling and since Coillte manages all their 
broadleaf stands as CCF, it was necessary to differentiate between “commercial” broadleaf thinning 
and CCF thinning. Broadleaf thinnings start earlier for stands with higher YCs, the thinning interval 
varied between five and 25 years, with longer intervals for sites with lower YCs (Table 27). The 
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maximum number of possible thinnings increased with higher YC and more thinnings were allowed 
for stands with shorter thinning intervals and earlier start ages. 

Table 27. Private broadleaf thinning options: possible start ages, thin intervals, and maximum number of thinnings, 
depending on YC. Source: Coillte Woodstock model 

YC Start age 
(years) 

Thinning interval 
(years) 

Maximum number of 
thinnings 

Final thinning 
age (years) 

4 30 25 5 130 

4 40 25 5 140 

4 45 25 5 145 

6 28 20 6 128 

6 33 20 6 133 

8 25 15 7 115 

8 20 15 7 110 

10 13 10 13 133 

10 21 10 13 141 

10 23 10 13 143 

12 10 5 15 80 

12 16 5 15 86 

14 14 5 8 49 

2.6.3.3 CCF thinning 
CCF management was an eligible option for the NWS stands, Coillte broadleaves, and private 
broadleaf stands. CCF thinning could start at either at age 15 or 41 years, and the management is 
characterised by continuously thinning the stand every five years until the end of the planning 
horizon. The later CCF start age of 41 years was introduced to allow stands older than 15 years at the 
start of the planning horizon to be managed as CCF, and to allow private stands managed towards 
clearfelling to switch to CCF management if this option was more beneficial to achieve the 
objectives.  

2.6.4 Clearfelling  
Clearfelling options could theoretically be generated for each eligible stand (i.e. not NWS, existing 
buffers, and Coillte broadleaves), in every period in the planning horizon. However, this would lead 
to a very large number of clearfelling options, each being accompanied by reforestation options, 
subsequent thinning options, etc., which would result in a matrix exceeding computing capacity. 
Therefore, clearfelling was an option for conifer dominated stands only once the average height of 
the dominant species was between 18 m and 26 m, and for privately owned broadleaf stands only 
once they were 60 years of age. The 26 m top height was set as an upper limit to reduce overall risk 
of windthrow. Forests within the Owenriff catchment were not eligible for clearfelling, due to the 
harvest moratorium (see Chapter 3.1).  

2.6.5 Forest retention 
It was not mandatory for the ALTERFOR model to choose a management action for a stand. 
Indefinite forest retention was a passive management action that would be chosen if this better 
helped to fulfil the objective function. 

2.7 Owner types 
The UCD INTEGRAL Woodstock model was partially used to analyse how different owner types 
changed their management in response to forest policy change (e.g. removing afforestation 
premiums, including bioenergy species, widening bufferzones) and how this affected the provision of 
various ES (Corrigan, 2016; Corrigan & Nieuwenhuis, 2017). However, how changing policy affected 
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farm profitability and thus farmers afforestation rate was analysed in different landscapes with 
much higher proportions of private forest and more soils suitable for afforestation than the Barony 
of Moycullen CSA. Further, since afforestation was not considered in this study (there has been 
almost no afforestation in the last 16 years and grants would not be available for afforestation on 
peat), this study focused more on a landscape level analysis of how climate change and dynamic 
prices can impacted forest ESs. However, the concept of owner types was utilised in the ALTERFOR 
model in various ways:  

• The sources of forest inventory data had different level of detail, with the Coillte data being 
more comprehensive in species location, site productivity and stocking rate. 

• Recently afforested private stands were in receipt of annual premium payments for 
afforestation, which Coillte’s forests were not. This recently afforested private area was only 
about 26.5 ha at the model start year, 2016, but was nonetheless included. Since further 
afforestation was not included, the grant payments had no bearing on how forest were 
managed in the future. 

• Management of forests was mostly assumed to be very similar between Coillte forests and 
private forests. However, due to Coillte’s corporate policy that broadleaves forests are not 
clearfelled, they were only eligible for continuous thinning (i.e. CCF) or no management. 
Private broadleaves had the option between CCF, no management, or clearfelling.  

• Owner types were utilised when implementing alternative FMMs (Chapter 5, Alternative 
Forest Management Models), in that many of these models were developed for Coillte. 
Thus, the alternative FMMs were not considered suitable of implementation by private 
forest owners. 

2.8 Forest Management Models 
The FMM concept was developed for the ALTERFOR project to classify common forest types in the 
CSAs and with the idea that FMMs could be exchanged between CSAs and countries to find new, 
sustainable ways to manage forests in the future (Agestam & Nilsson, 2017). FMMs were classified 
based on forest species, forest structure, age structure, management system, management 
objective etc. Classifying FMMs was done based on the current CSA’s forest composition and with 
regard to the developed aFMMs; thus, it did not consider the potential for minor, currently existing 
management types becoming more common in the future, which could require the creation of 
additional FMMs. The FMMs were used to describe the forest landscape, to track changes in forest 
composition, and many ES indicators were tied specifically to the FMMs. Even if dvtyps or stands 
were grouped in the same FMM, the ALTERFOR model applied species-specific management 
prescriptions. The FMMs in the Barony of Moycullen were mainly developed for Sitka spruce and 
lodgepole pine dominated monocultures, but in total nine FMMs were included with four of them 
focusing on broadleaves and conservation. Some FMMs that only represented a small area in the 
CSA were included due to their importance for tracking the implementation of environmental policy 
or due to their unique ES indicator scores. The broadleaf FMMs were grouped together for all 
species, due to the small areas each species occupied, despite the management of many of the 
broadleaf species being quite distinct.  
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Clearcutting conifer  

• FMM 1 Sitka spruce monoculture – Stands made up of pure Sitka spruce, sometimes with a 
small portion of lodgepole pine. 

• FMM 2 Sitka Spruce with diverse conifer mix – Sitka spruce dominated stands, but with a 
portion of diverse conifers (Scots pine, larch, Douglas fir, Norway spruce etc., i.e. any conifer 
species except lodgepole pine). 

• FMM 3 Sitka spruce with broadleaf mix - Sitka spruce dominated stands, but with a portion 
of broadleaf trees; these stands often included diverse conifers as well.  

• FMM 4 Diverse conifers – Stands dominated by diverse conifer species (Scots pine, larch, 
Douglas fir, Norway spruce etc.) 

• FMM 5 Lodgepole pine monoculture – Stands made up of pure lodgepole pine, sometimes 
with a small portion of Sitka spruce. 

Nature conservation and biodiversity protection 

• FMM 6 Buffer zones / setbacks – Established around sensitive features and roads. 
Categorised into aquatic buffer zone, Freshwater Pearl Mussel buffer zone, and road buffer 
zone, but reported together due to their individually small area in the forest landscape. 

• FMM 7 Native Woodland Site – Designated as either NWS according to NPWS, or Native 
Woodland by Coillte. This FMM also included forests established under the Native Woodland 
Establishment Scheme. 

Broadleaved forest  

• FMM 8 Continuous Cover Forestry (CCF) broadleaves – Managed without clearfelling, 
mainly Coillte forests. 

• FMM 9 Clearfelling broadleaves – Privately owned broadleaf stands that were eligible for 
clearfelling. 

• Unknown private broadleaves – There was a significant area of private non-grant aided 
broadleaved forest in the CSA. This area amounted to 340 ha, but without information on 
species, stocking and age, it was not possible to include them in the ALTERFOR model 
without introducing uncertainty. Thus, the unknown private broadleaves were not imported 
to the ALTERFOR model, but their presence in the landscape is worth mentioning and an 
inventory would allow them to be included.  

Cleared land 

• Area clearfelled in each year - Although not classified as an FMM, the area of clearfelled 
land was tracked in the ALTERFOR model.  

2.9 Ecosystem Service yields 
2.9.1 Net Present Value 
The ALTERFOR model optimisation objective was to maximise NPV from mill-gate sales while 
complying with forest policy and environmental protection policy. The ALTERFOR model objective 
function, including constraints and NPV definition can be found in Eq. 1-7 in section 2.1.    

Most costs associated with forestry are incurred during reforestation. Harvesting activities are where 
conventional forest revenue is generated, but harvesting is also associated with costs for felling, 
extraction, and transporting logs to processing mills. Forestation activities involve various expenses: 
mounding, seedlings, labour to plant seedlings, fencing, weevil control, vegetation control, and 
inspection to assess the success of the planting. Reforestation costs were set to €2,589 ha-1 for 
conifers and €3,281 ha-1 for broadleaves (Landy, 2018). The cost associated with each reforestation 
activity can be found in Table 28. For the purpose of this study the ALTERFOR model was built to 
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utilise mill gate prices, which is standing wood value minus costs for felling and extraction, road 
maintenance, and haulage to processing plants. The model used average tree size to estimate the 
standing value of coniferous trees that are not lodgepole pine, with a fixed pulpwood price being 
used for lodgepole pine, since lodgepole pine is only utilised for pulpwood assortment in Ireland 
(Tiernan, 2007), and a fixed firewood price for broadleaf volume (Table 29). Felling and extraction 
costs were based on average tree size and varied with species and harvesting method (i.e. 
clearfelling and thinning) (Table 30). Road maintenance costs were fixed at €1.50 per extracted m3. 
Haulage costs were calculated using a Coillte equation that uses the average transport distance from 
the centre of the CSA to the nearest processing plant for that assortment. The Coillte Woodstock 
model contained data on transportation cost for wood in tonne per km and this was converted to a 
species-specific cost based species wood density, using densities from IPCC (2006). Conifer and 
broadleaves had a 51 km haulage distance to the nearest sawmill, and lodgepole pine had an 
average 239 km haulage distance to two processing plants (210 km and 268 km away, respectively). 
Despite species having the same destination, their haulage cost differed since the cost was based on 
tonnage rather than m3, and different wood densities resulted in different haulage costs (Table 31). 
Additional costs associated with administration and enhanced environmental considerations during 
harvesting operations were included in the model (Table 32) and were incurred for: SAC, SPA, FPM 
catchments, NHA, pNHA, stands with peat soils, and in buffer zones. 

Table 28. Costs (€ ha-1) for individual silviculture actions, for conifer and broadleaf stands. Source: Landy (2018) and Coillte 
Woodstock model 

Activity Conifer cost Broadleaf cost 

Windrowing and ground cultivation 650 650 

Fencing 89 204 

Planting 1,500 2,077 

Weevil control & vegetation control 300 300 

Inspection 50 50 

 

Table 29. Value of standing volume (in € m-3) used in the model, based on average tree size for conifers (excluding lodgepole 
pine), and fixed values for broadleaves and lodgepole pine. Source: Teagasc Teagasc (2018) and Coillte Woodstock model 

 
Standing volume value 

Average tree size (m3) Conifer (excluding lodgepole) Broadleaves Lodgepole pine 

0.001 - 0.174 10.42 41.00 26.00 

0.175 - 0.274 28.20 41.00 26.00 

0.275 - 0.374 38.00 41.00 26.00 

0.375 - 0.474 41.96 41.00 26.00 

0.475 - 0.599 45.89 41.00 26.00 

0.600-0.799 49.05 41.00 26.00 

0.800-0.999 50.66 41.00 26.00 

> 1.000 52.17 41.00 26.00 
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Table 30. Felling and extraction costs (in € m-3) used in the model, based on average tree size, harvesting operation and 
species. Source: Coillte 

 
Felling and extraction 

 
Conifer (excluding lodgepole) and broadleaves Lodgepole 

Average tree size (m3) Clearfelling Thinning All harvesting 

0.001 - 0.174 13.35 20.17 16.55 

0.175 - 0.274 11.42 16.31 14.34 

0.275 - 0.374 15.56 14.30 12.21 

0.375 - 0.474 9.83 13.52 11.72 

0.475 - 0.599 9.22 12.60 10.86 

0.600-0.799 8.19 10.73 9.62 

0.800-0.999 7.15 8.90 7.31 

> 1.000 7.15 8.90 7.31 

 

Table 31. Haulage cost (in € m-3) used in the model, based on species assortment and transport distance to suitable 
processing mills. Source: Coillte Woodstock model 

Species Haulage cost 

Alder 3.25 

Ash 4.11 

Beech 3.89 

Birch 3.68 

Douglas fir 3.25 

Larch 3.32 

Lodgepole pine 7.99 

Maple 3.75 

Norway spruce 2.96 

Oak 4.18 

Scots pine 3.03 

Sitka spruce 2.96 

 

Table 32. Additional costs (in € m-3) for harvest activities in specific areas. Source: Coillte Woodstock model 

Environmental designation Cost 

Harvesting in SAC or FPM catchment 0.20 

Harvesting in SPA, NHA, or pNHA 0.10 

Harvesting on peat soils or in buffers 2.60 

 

2.9.2 Timber volume 
Timber volume was derived both as an indicator of standing forest volumes, using an inventory 
output, and harvest assortments, using an action output. The growth and yield tables were provided 
by Coillte and they had been subjected to their expected end-product algorithm that distributed the 
standing volumes into assortments based on mean stand diameter at breast height (DBH). The 
timber assortments in the growth and yield tables were pulpwood, stake wood, small sawlog, large 
sawlog, and harvest residue. However, for the purpose of reporting and calculating NPV, and due to 
the inclusion of dynamic prices, the assortments were grouped into pulpwood, sawlog, and harvest 
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residue, with the sawlog assortment containing the small sawlog and large sawlog volumes, and the 
pulpwood assortment containing the stake wood and pulpwood volumes. The more detailed 
assortments were not included in the outputs, but average tree size heavily influenced the model 
since it was the stand indicator used to determine harvesting cost and revenues from timber sales. 
Average tree size was correlated to stand DBH, which was the variable used to determine the 
percentage of expected harvest assortments. Additionally, since all lodgepole pine trees in Ireland 
are only utilised for pulpwood (for wood panel board production and bioenergy), this restriction was 
included in the ALTERFOR model, and since there is not much of a broadleaf timber market in 
Ireland, all broadleaf volumes were utilised only for firewood in the ALTERFOR model.  

2.9.3 Carbon 
The absolute size of the carbon pools was not the focus for analysing the carbon ES in this thesis, but 
rather how the pools changed with different global scenarios and FMMs. Thus, the carbon ES 
included estimates of carbon sequestered from the atmosphere and stored in biomass, 
decomposing deadwood releasing carbon to the atmosphere, the utilisation of harvested wood 
products for storing carbon in finished products, displacement of carbon by using wood products 
and bioenergy instead of emission-heavy products like steel, concrete, and fossil fuels, as well as 
carbon emitted from organic soils. The carbon ES focused on carbon stored in the woody parts of 
forest trees and ignoring carbon sequestration by shrubs, herbaceous plants and grass. Soil carbon 
was only taken into account for drained peatlands since their oxidising peat and particulate 
sedimentation emit a substantial amount of carbon, compared to the stable carbon dynamics of 
mineral soils. In summary, the carbon ES was divided into five carbon pools to allow for tracking of 
different carbon stocks and their changes:  

• Living carbon. 

• Deadwood carbon. 

• Harvested wood-products (HWP) carbon. 

• Carbon substitution (fossil fuel and products). 

• Soil carbon. 

The framework used for carbon accounting was developed by Dr Kevin Black for the ALTERFOR 
project (Nieuwenhuis & Nordström, 2017) and was largely based from the Intergovernmental Panel 
on Climate Change (IPCC) national greenhouse gas inventory methods related to living and 
deadwood carbon in forests (IPCC, 2006), and HWP carbon storage and carbon substitution using 
forest products (IPCC, 2014). However, due to its complex level of detail the framework presented 
here was not utilised in the project, which used a more generalising carbon accounting framework. 
Implementation of the comprehensive carbon accounting framework in the ALTERFOR model was 
made by me, the author, including changing some variables to suit the Irish conditions better and 
making the framework operate properly within the Woodstock software. Many of the following 
carbon related equations were applied to the yield tables on a ha-1 basis. The dvtyps sourced the 
carbon stocks from the yield tables and the ALTERFOR model recalculated it to an absolute pool 
based on the total area occupied by different dvtyps in each year. Thus, when calculating deadwood 
carbon, carbon stored in HWP and carbon substitution, the absolute carbon stock was calculated as 
carbon per hectare did not make sense for these stocks. All the following formulas are presented as 
calculating the absolute stock.  
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2.9.3.1 Living carbon 
Living carbon refers to carbon sequestered from the air and stored in the living trees. Stand carbon 
was divided between aboveground carbon (AGC) and belowground carbon (BGC) stocks. AGC was 
calculated by multiplying the merchantable stand volume with a biomass conversion and expansion 
factor for growing stock (BCEFs) and a carbon fraction (CF) value (Eq. 9). 

𝐴𝐺𝐶𝑖 = 𝑠𝑡𝑎𝑛𝑑𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑆 ∗ 𝐶𝐹     (9) 

where AGCi is the aboveground carbon in year i, in tonnes C; standvoli is the merchantable stand 
volume in year i, m3; BCEFS is the biomass conversion and expansion factor for growing stock, found 
in Table 33; and CF is the carbon fraction in tonnes carbon (tonne dry mass)-1, found in Table 34. 

BGC was calculated by multiplying the AGC with a ratio of below ground biomass to aboveground 
biomass to get the total living carbon, minus the AGC (Eq. 10).  

𝐵𝐺𝐶𝑖 = 𝐴𝐺𝐶𝑖 ∗ (1 + 𝑅) − 𝐴𝐺𝐶𝑖     (10) 

where BGCi is the belowground carbon in year i, in tonnes carbon; AGCi is aboveground carbon in 
year i, in tonnes C, calculated in Eq. 9; and R is the ratio of belowground biomass to aboveground 
biomass, found in Table 35 . 

Table 33. Biomass conversion and expansion factors for growing stock for stands based on growing stock level (m3 ha-1). 
BCEFs is used for expanding merchantable growing stock volume to aboveground biomass. Adapted from IPCC (2006), Table 
4.5 

Climate zone Forest type Growing stock level (m3 ha-1)   

  
 

<20 20-40 41-100 101-200 >200 

Temperate Hardwoods 3.5 1.7 1.4 1.05 0.8 

Pines 1.8 1 0.75 0.7 0.7 

Other conifers 3 1.4 1 0.75 0.7 

 

Table 34. Wood density (D) and Carbon fraction (CF) of aboveground forest biomass for selected tree species/species 
groups. Adapted from IPCC (2006), Table 4.3 for CF and Table 4.14 for D 

Forest 
type 

ALTERFOR 
model Theme1 

Taxon D [oven-dry tonnes (moist m)-3] Carbon fraction (CF)  
[tonne C (tonne dry mass)-1] 

Broadleaf AL Alders 0.45 0.48 

Broadleaf AS Ashes 0.57 0.48 

Broadleaf BE Beech 0.54 0.48 

Broadleaf BI Birches 0.51 0.48 

Conifer DF Douglas fir 0.45 0.51 

Conifer NF Firs 0.4 0.51 

Conifer LA Larch 0.46 0.51 

Conifer LP Lodgepole pine 0.465 0.51 

Broadleaf SY Maples 0.52 0.48 

Conifer NS Norway spruce 0.41 0.51 

Broadleaf OA Oaks 0.58 0.48 

Conifer SP Scots pine 0.42 0.51 

Conifer SS Sitka spruce 0.41 0.51 
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Table 35. Ratio of belowground biomass to aboveground biomass (R). Adapted from IPCC (2006), table 4.4  

 Stand type R [tonne root dry mass 
(tonne shoot dry mass)-1] 

Conifers above-ground biomass < 50 tonnes ha-1 0.4 

Conifers above-ground biomass 50-150 tonnes ha-1 0.29 

Conifers above-ground biomass > 150 tonnes ha-1 0.2 

Quercus spp. Above-ground biomass > 70 tonnes ha-1 0.3 

Other broadleaf above-ground biomass < 75 tonnes ha-1 0.46 

Other broadleaf above-ground biomass 75-150 tonnes ha-1 0.23 

Other broadleaf above-ground biomass > 150 tonnes ha-1 0.24 

 

2.9.3.2 Deadwood carbon 
The deadwood carbon pools were calculated in the FMDSS using four categories:  

• Natural mortality aboveground carbon (NMAGC) – logs. 

• Natural mortality belowground carbon (NMBGC) – roots and stumps. 

• Harvest residue aboveground carbon (HRAGC) – logs. 

• Harvest residue belowground carbon (HRBGC) – roots and stumps. 

The first step to calculate these stocks was to attach annual input values for each of the CDW 
categories, based on natural mortality and harvest operations. The second step was to attach a 
decay function to these pools, depending on whether it was aboveground or belowground. Harvest 
residue, from thinnings and clearfells, contributed to the deadwood carbon pool but were kept 
separate from natural mortality deadwood as the origin of deadwood volume mattered for the 
cultural and biodiversity ESs. 

2.9.3.2.1 Natural mortality deadwood carbon 
The inflow of NMAGC was calculated by multiplying the annual mortality volume, listed in the 
growth and yield tables, with the tree species wood density and CF (Eq. 11). 

𝑖𝑛𝑓𝑙𝑜𝑤𝑁𝑀𝐴𝐺𝐶𝑖 = 𝑁𝑀𝑣𝑜𝑙𝑖 ∗ 𝐷 ∗ 𝐶𝐹     (11) 

where inflowNMAGCi is the input of natural mortality aboveground carbon stored in logs in year i, in 
tonnes carbon; NMvoli is the natural mortality of merchantable volume in year i, in m3, derived from 
the yield tables; D is the density of the tree species in tonnes m-3, and CF is the carbon fraction for 
the forest type, in tonnes carbon (tonne dry mass)-1, both variables are found in Table 34.  

The inflow of NMBGC was calculated similarly to BGC (Eq. 10), but with AGC being based on annual 
mortality volume rather than growing stock (Eq. 12). 

𝑖𝑛𝑓𝑙𝑜𝑤𝑁𝑀𝐵𝐺𝐶𝑖 = 𝑁𝑀𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑆 ∗ (1 + 𝑅) ∗ 𝐶𝐹 − 𝑁𝑀𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑠 ∗ 𝐶𝐹 (12) 

where inflowNMBGCi is the input of natural mortality belowground carbon in year i, in tonnes 
carbon; NMvoli is the natural mortality of merchantable volume in year i, in m3, derived from the 
yield tables; BCEFS is the biomass conversion and expansion factor found in Table 33; R is the ratio of 
belowground biomass to aboveground biomass found in Table 35; and CF is the carbon fraction, in 
tonnes carbon (tonne dry mass)-1, found in Table 34. 
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2.9.3.2.2 Harvest residue deadwood carbon 
HRAGC was derived from the harvesting operations (thinnings and clearfells) (Eq. 13).  

 𝑖𝑛𝑓𝑙𝑜𝑤𝐻𝑅𝐴𝐺𝐶𝑖 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ 𝐷 ∗ 𝐶𝐹 ∗ 𝐻𝐹    (13) 

where inflowHRAGCi is the total inflow of harvest residue aboveground carbon in year i, in tonnes 
carbon; Harvvoli is the harvested volume in year i, in m3; D is the species wood density in tonnes m-3, 
and CF is the carbon fraction in tonnes carbon (tonne dry mass)-1, both variables are found in Table 
34; and HF is the harvest fraction left on sites and can be calculated from average tree size (avgtree, 
in m3), based on the calculation of F (Eq. 14). 

𝐹 =  
(4−3.8∗ln(𝑎𝑣𝑔𝑡𝑟𝑒𝑒))∗0.9

100
     (14) 

if the value of F < 0.03, HF in Eq. 13 is given the calculated value of F, otherwise HF = 0.03, which 
only happens when the average tree size is larger than 1.35 m3. 

The inflow of HRBGC was calculated in the same way as the inflow of NMBGC, but harvest volume 
replaces natural mortality volume (Eq. 15). 

𝑖𝑛𝑓𝑙𝑜𝑤𝐻𝑅𝐵𝐺𝐶𝑖 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑆 ∗ (1 + 𝑅) ∗ 𝐶𝐹 − 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑠 ∗ 𝐶𝐹 (15) 

where inflowHRBGCi is the input of harvesting belowground carbon in year i, in tonnes carbon; 
Harvvoli is the harvested merchantable volume in year i, in m3; BCEFS is the biomass conversion and 
expansion factor found in Table 33; R is the ratio of belowground biomass to aboveground biomass 
found in Table 35; and CF is the carbon fraction in tonnes carbon (tonne dry mass)-1, found in Table 
34. 

2.9.3.2.3 Deadwood carbon decay 
Deadwood decays over time and the once sequestered carbon is released back to the atmosphere. 
Forest stands typically have deadwood volumes present that originate from different years and that 
is in different stages of decay. Due to the way Woodstock operates, decay of deadwood carbon was 
included in two ways in this thesis: for existing stands and for transitioned stands. Existing stands 
refer to stands still using the same growth and yield table, year after year, from planting to 
clearfelling. In these cases, inputs of deadwood carbon for each of the four categories from all 
previous years were accounted for and decayed in the growth and yield tables, i.e. calculated 
outside of the ALTERFOR model to reduce the number of computations (Eq. 16) (Bond-Lamberty & 
Gower, 2008).  

𝐷𝑊𝑖𝑗+1 = 𝑒−𝑘 ∗ 𝐷𝑊𝑖𝑗 ∗ FF +  
(1−𝑒−𝑘)

𝑘
∗ 𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗 ∗ 𝐹𝐹  (16) 

where DWij is deadwood carbon stock in category j (i.e. NMAGC, NMBGC, HRAGC, or HRBGC) in year 
i, in tonnes carbon; k is the constant for first order decay which is dependent on the product half-life 
given in units yr-1 (Eq. 17); FF is the fragmentation loss factor set at 0.85 (i.e. 15% is the proportion of 
annually lost deadwood soil carbon due to fragmentation); and Inflowij is the inflow of particulate 
deadwood carbon from category j in year i, in tonnes carbon yr-1.  

𝑘 =
ln (2)

𝐻𝐿
      (17) 

where HL is the half-life in years for the deadwood carbon category (aboveground or belowground). 
Half-life for logs is 12 years (Yatskov et al., 2003; Olajuyigbe et al., 2011; Lundmark et al., 2016). 
Roots have a half-life of 19 years, stumps have a half-life of 14 years, and stumps make up about 
30% of the total mass of stumps and roots larger than 10 cm in diameter (Olajuyigbe et al., 2011). 
This gives all belowground deadwood carbon a weighted mean half-life of 17.5 years. Thus, k is 
0.0577 and 0.0396 for aboveground and belowground deadwood carbon pools, respectively. 
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When a dvtyp and its corresponding growth and yield tables has its age reset due to clearfelling and 
reforestation, there is still a carbon pool of natural mortality deadwood carbon present in the stand. 
Similarly, the carbon pool of harvest residue deadwood carbon cannot be tracked by growth and 
yield tables as it is not known beforehand when thinnings will take place and since the dvtyp 
changes after clearfelling. These deadwood carbon pools (both from natural mortality and 
harvesting) remains on site following dvtyp transition and need to be accounted for. The solution 
was to utilise a Woodstock feature called Newtypes, which are area-less units that can be created 
when actions are performed. They can store the value of a yield and share none, one, or many 
theme attributes with the dvtyp they originate from. In Woodstock models for the forest industry, 
Newtypes are often used to track the total volume of harvest assortments from different forest 
estates or harvesting blocks. Since Newtypes have an age, the annual addition of deadwood carbon 
was stored in separate category pools in the ALTERFOR model, depending on the original source of 
the deadwood carbon (i.e. NMAGC, NMBGC, HRAGC, and HRBGC). The decay function (Eq. 16) was 
difficult to implement on the Newtypes, but since the volumes were stored temporally separated, 
there was no need to decay the entire deadwood category stock with one formula. Instead, the 
portion of a deadwood carbon category from each year was entered into a simplified version of the 
decay function (Eq. 18) and then summed to get the total deadwood carbon in that category saved 
in Newtypes.  

𝐷𝑊𝑖𝑗+1 = 𝑒−𝑘 ∗ 𝐷𝑊𝑖𝑗 ∗ FF     (18) 

When excluding the inflow of deadwood carbon (Inflowij) from Eq. 16, deadwood carbon decays at a 
constant rate. The constant decay rate factor was stored as an age-dependent yield in the ALTERFOR 
model. The yield was multiplied with the Newtypes age specific deadwood carbon category to 
represent how the deadwood decomposes and eventually disappears (Table 36). The constant 
annual decay rate was 19.77% for aboveground deadwood carbon and 18.30% for belowground 
deadwood carbon, i.e. 80.23% of the aboveground carbon pool remains between years, and 81.70% 
of belowground carbon pool remains between years.  

Table 36. Example of decaying aboveground deadwood carbon stock, with a constant addition from natural mortality. 
Starting in year 1, one tonne of carbon is added repeatedly every year and decay reduces the amount of deadwood carbon 
as the deadwood ages 

Carbon age 
(years) 

Year 1 Year 2 Year 3  Year 4 Year 5 

Tonnes of C 

0  1.0000 1.0000 1.0000 1.0000 1.0000 

1  0.0000 0.8023 0.8023 0.8023 0.8023 

2  0.0000 0.0000 0.6437 0.6437 0.6437 

3  0.0000 0.0000 0.0000 0.5164 0.5164 

4  0.0000 0.0000 0.0000 0.0000 0.4143 

Total carbon (t) 1.0000 1.8023 2.4460 2.9624 3.3767 

 

The total stock of each of the four deadwood carbon categories was calculated by adding any 
deadwood carbon from existing stands (i.e. existing dvtyps yield table values), which were decayed 
within the yield tables, and any deadwood carbon stored in Newtypes, which are subjected to the 
constant decay rates in the ALTERFOR model (i.e. no longer existing dvtyps whose deadwood carbon 
values are saved in an area-less unit).  

2.9.3.3 Harvested Wood Products 
The carbon stored in trees can be harvested, processed in a mill, and finally stored in semi-finished 
HWP (paper/pulp, wood-based panels, sawnwood). Ireland does not have a pulp mill, so all 
harvested pulp assortments processed nationally are utilised for bioenergy and wood panel boards. 
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The amount of carbon stored depends on the harvested volume, the average tree size, and product 
utilisation. HWP decay, or deteriorate, over time, which was accounted for in this thesis by including 
decay factors for HWP in the ALTERFOR model. Wood based panels and sawnwood were the two 
HWP carbon pools utilised in the ALTERFOR model. Additionally, some of the harvested wood was 
allocated to firewood and bioenergy. 

2.9.3.3.1 Utilization and inflow of HWP 
The inflow of carbon to each HWP category in each year was calculated based on the amount of 
wood allocated to each HWP category multiplied with the processing loss factor, HWP density and 
HWP conversion factor (Eq. 19). 

𝑊𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗 = 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑗 ∗ 𝑃𝐿 ∗ 𝐷 ∗ 𝐶𝐹    (19) 

where WInflowij is the inflow of stored carbon in year i in HWP product category j (i.e. wood-based 
panels and sawnwood) given in tonnes carbon; Hproductij is the wood allocated in year i to HWP 
category j, given in m3 (Eq. 20); PL is the processing loss factor, set to 0.43 for Ireland; D is the HWP 
category density, in tonnes m-3 (Table 37); and CF is the carbon conversion factor in tonnes carbon 
(tonne dry mass)-1, found in Table 37.  

Table 37. Density (D) and carbon fraction (CF) for the HWP categories used in Ireland, sawnwood and wood-based panel. 
Source: IPCC (2014) 

HWP categories Density (D, Mg m-3) Carbon fraction (CF) 

Sawnwood aggregate 0.450 0.500 

Wood-based panels 0.595 0.454 

 

Hproductij, the harvested wood allocated to HWP category j, depends on several factors. First the 
harvest fraction, HF, left on site must be removed; the remainder, the extracted volume, was 
multiplied by the fraction of harvest assortments (small-end diameters: 7-13 cm, 14-19 cm, > 20 cm), 
which depends on the average tree size. Lastly, utilisation fractions depend on how the assortment 
volumes were assigned to each HWP (Eq. 20).  

 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑗 = ∑ [𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ (1 − 𝐻𝐹𝑖) ∗ 𝐴𝐹ℎ,𝑖 ∗ 𝐹𝑠𝐹𝑃ℎ,𝑗]ℎ    (20) 

where Harvvoli is the harvested volume in year i, in m3; HF is the harvest fraction left on site, defined 

in Eq. 13; AFh,i is the assigned fraction of harvested wood removed from site that is allocated to 

assortment h, for each year i; and FsFPh,j is the utilisation fraction of assortment h to HWP category j. 

AFh,i varies by species and tree size, but as an example, a thinned Sitka spruce stand of YC 16 at age 

40 has about 4%, 12% and 84 % in the assortment 7-13 cm, 14-19 cm, and > 20cm, respectively. By 

contrast, an unthinned Sitka spruce stand of YC 16 at age 40 has about 11%, 37% and 52% in the 

assortments 7-13 cm, 14-19 cm, and > 20 cm, respectively. FsFPh,j varies between three species 

categories (conifers excluding lodgepole pine, lodgepole pine, and broadleaves), and by global 

scenario (“normal utilisation” for the Business as Usual (BAU) and S1, “climate change mitigation” 

for S2 and S3) (Table 38). The global scenarios are introduced and detailed in section 2.10. 
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Table 38. Allocation of assortments to HWP categories, based on species groups, harvesting assortment top diameter size, 
and global scenario. Source: Normal utilisation - IPCC (2014), Clarke (2016), and Knaggs and O’Driscoll (2018), Climate 
change mitigation – Black (2017) 

 Conifers (excl. lodgepole) 
Lodgepole 

pine 
Broadleaves 

Allocation by assortment  Assortment ratio  

Assortment category 7-13cm 14-19cm ≥20cm ≥7cm ≥7cm 

 BAU & S1 - Normal utilisation 

Firewood (FsubE) 0.07 - - - 1.0 

Energy production (FsubE) 0.1 - - 0.1 - 

Sawnwood (FsFPhj) - 0.5 0.85 - - 

Wood-based panels (FsFPhj) 0.83 0.5 0.15 0.9 - 
 S2 & S3 - Climate change mitigation 

Firewood (FsubE) - - - - 1.0 

Energy production (FsubE) 0.5 0.3 0.1 0.3 - 

Sawnwood (FsFPhj) - 0.5 0.85 - - 

Wood-based panels (FsFPhj) 0.5 0.2 0.05 0.7 - 

 

2.9.3.3.2 HWP decay 
The carbon stock in each HWP category increased from inflow of harvested wood in subsequent 
years, but the stock also decreases from decay. Since Woodstock decides when to harvest stands, it 
was not known beforehand when harvesting would take place, thus making it impossible to 
predetermine a decayed stock of HWP carbon in the yield tables. Similar to dealing with deadwood 
carbon left on site after clearfelling, HWP carbon was saved using Newtypes, which in turn were 
subjected to a decay function. The default HWP decay function was similar to the default decay 
function for deadwood but without the fragmentation factor. However, the HWP carbon volumes in 
Newtypes were decayed separately, depending on their age, and then summed to get the stock of 
each HWP carbon stock. The decay function was simplified into two portions: one that decays inflow 
carbon to HWP in the first year (Eq. 21), and one that decays the existing stock in subsequent years 
(Eq. 22). 

𝐻𝑊𝑃𝐶𝑖𝑗 =
(1−𝑒−𝑘)

𝑘
∗ 𝑊𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗     (21) 

𝐻𝑊𝑃𝐶𝑖𝑗+1 = 𝑒−𝑘 ∗ 𝐻𝑊𝑃𝐶𝑖𝑗     (22) 

where HWPCij is the carbon stock in HWP category j, in year i, in tonnes carbon; k is the decay 
constant, calculated according to Eq. 17 and with associated half-life values in Table 39; and 
WInflowij is the inflow of carbon to HWP category j, in year i, in tonnes carbon. The equations result 
in constants that were saved in the ALTERFOR model as age-dependent yields (Table 39). 

Table 39. Decay half-life for HWP categories and the resultant decay constant k (Eq. 17), and the decay constants from Eq. 
21 and Eq. 22 that were used to decay the Newtypes HWP carbon stocks in the ALTERFOR model 

HWP Half-life (years) k Eq. 21 constant Eq. 22 constant 

Sawnwood utility general 25 0.0277 98.6264 97.2655 

Wood-based panels 35 0.0198 99.0163 98.0391 
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2.9.3.4 Carbon substitution 
Utilisation of harvested wood for energy production and construction material can substitute the 
use of emission-heavy materials such as fossil fuels (gas, coal and oil) and products (concrete and 
steel). These were one-off substitution values and did not need any decay function. All the 
displacement factors excluded forest carbon dynamics, to avoid double counting of forest carbon.  

2.9.3.4.1 Fossil fuel carbon substitution 
Substitution of fossil fuels was calculated by multiplying the carbon in harvested wood utilised for 
bioenergy with a fossil fuel mix factor and an emission displacement factor for that category (Eq. 23). 
When burning firewood there is immediate oxidisation, causing no product substitution and a net 
emission because firewood burning is often done in inefficient domestic stoves, as opposed to 
burning biomass in combined heat and power plants. Calculating the firewood oxidisation was a 
modification of Eq. 23, but instead of multiplying with the fossil fuel mix factor and emission 
displacement factor, the estimated emission is multiplied with -1. 

𝑃𝑠𝑢𝑏(𝑓𝑓)𝑖,𝑗 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑒𝑛𝑒𝑟𝑔𝑦(𝑖) ∗ 𝐷 ∗ 𝐶𝐹 ∗ 𝐹𝑚𝑖𝑥(𝑗) ∗ 𝐷𝐹𝑗   (23) 

where Psub(ff)i,j are the emission savings due to substitution of fossil fuels in year i, for fossil fuel 
category j, in tonnes carbon; Harvvolenergy(i) is the harvested volume utilised for bioenergy in year i, 
given in m3 (Eq. 24); D is the species wood density in tonnes m-3 and CF is the carbon fraction in 
tonnes carbon (tonne dry mass)-1 (both variables are found in Table 34); Fmix(j) is the ratio of fossil fuel 
category j being replaced over the total fossil fuels being replaced (Table 40); and DFi is the product 
substitution displacement factor for category j, in units tonne carbon emissions (tonne carbon 
wood)-1 (Table 41).  

𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑒𝑛𝑒𝑟𝑔𝑦(𝑖) = ∑ [𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ (1 − 𝐻𝐹𝑖) ∗ 𝐴𝐹ℎ𝑖 ∗ 𝐹𝑠𝑢𝑏𝐸ℎ]ℎ    (24) 

where Harvvolenergy(i) is the harvested volume in year i, in m3; HF is the harvest fraction left on site, 
defined in Eq. 13; AFhi is the assigned fraction of harvested wood removed from site that is allocated 
to assortment h, in year i; and FsubEh is the fraction of each timber assortment (h) assigned to fossil 
fuel energy replacement (Table 42). 

2.9.3.4.2 Products carbon substitution 
Emission savings due to substitution of product categories was a function of wood utilised in HWP 
(wood-panel board and sawnwood), multiplied with that category’s displacement factor, species 
wood density, the species carbon fraction, and the process loss fraction (Eq. 25). 

𝑃𝑠𝑢𝑏(𝑃)𝑖,𝑗 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑠𝑢𝑏𝑠(𝑖,𝑗) ∗ 𝐷 ∗ 𝐶𝐹 ∗ 𝑃𝐿 ∗ 𝐷𝐹𝑗     (25) 

where Psub(P)i,j are the emission savings due to product category j in year i, in tonnes carbon; 
Harvvolsubs(i,j) is the harvest volume of wood used for semi-finished substitution products for category 
j, in year i, given in m3, defined in Eq. 26; D is the species wood density in tonnes m-3 and CF is the 
carbon fraction in tonnes carbon (tonne dry mass)-1 (both variables are found in Table 34); PL is the 
processing loss factor, set to 0.43 for Ireland; and DFj is the product substitution displacement factor 
for category j, in units tonne carbon emission (tonne carbon wood)-1 (Table 41). 

𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑠𝑢𝑏𝑠(𝑖,𝑗) = ∑ [𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ (1 − 𝐻𝐹𝑖) ∗ 𝐴𝐹ℎ𝑖 ∗ 𝐹𝑠𝑢𝑏𝑃ℎ,𝑗]ℎ   (26) 

where HF is the harvest fraction left on site, defined in Eq. 14; AFhi is the assigned fraction of 
harvested wood removed from site that is allocated to assortment h, in year i; and FsubPh,j is the 
fraction of each timber assortment (h) assigned to product substitution of category j (Table 42). 
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Table 40. Mixture of fossil fuels used in substitution calculations. Source: Duffy et al. (2018) 

National fossil fuel replacement mix Ratio (Fmix(j)) 

Natural gas 0.49 

Oil  0.35 

Coal 0.16 

 

Table 41. Displacement factors (DF) for utilising wood in energy production and HWP substitution, with a portion of 
sawnwood being used specifically for construction, frames, and trusses. References: a = Oliver et al. (2014), b = Smyth et al. 
(2017), c = Sathre and O’Connor (2010). All the displacement factors exclude forest carbon dynamics to avoid double 
counting of carbon 

Replacement category Mean (DFj) Range Reference 

Firewood 0 - not estimated 

Gas 0.19 0.15-0.23 a 

Oil 0.26 0.21-0.32 a 

Coal 0.36 0.25-0.46 a 

Sawnwood general 0.54 
 

b 

   Construction/Frames 1.1 0.5-3.5 c 

Wood-based panels 0.47 0.47-0.5 b 

 

Table 42. Allocation of timber assortment fraction to substitution of energy (FsubE) and products (FsubP), based on species 
groups, harvesting assortment small-end diameter, and global scenario (BAU, S1, S2 and S3). Source: Normal utilisation - 
IPCC (2014), Clarke (2016), and Knaggs and O’Driscoll (2018), Climate change mitigation – Black (2017) 

  Conifers (excl. lodgepole)  
Lodgepole 

pine 
Broadleaves 

Allocation by assortment Assortment fraction 

Replacement category 7-13cm 14-19cm ≥20cm ≥7cm ≥7cm  
BAU & S1 - Normal utilisation 

Firewood (FsubE) 0.07 - - - 1.00 

Energy production (FsubE) 0.10 - - 0.10 - 

Sawnwood (FsubP) - 0.40 0.55 - - 

   Construction (FsubP) - 0.10 0.30 - - 

Wood-based panels (FsubP) 0.83 0.50 0.15 0.90 -  
S2 & S3 - climate change mitigation 

Firewood - - - - 1.00 

Energy production (FsubE) 0.50 0.30 0.10 0.30 - 

Sawnwood (FsubP) - 0.40 0.55 - - 

   Construction (FsubP) - 0.10 0.30 - - 

Wood-based panels (FsubP) 0.50 0.15 0.05 0.70 - 

 

2.9.3.5 Soil carbon 
Studies on soil carbon balance in mineral soils are largely inconclusive on the magnitude and 
direction of stock changes due to forest management and forest types (IPCC, 2006). Thus, changes in 
mineral soil carbon stocks were not included in the ALTERFOR model and all soil carbon refers only 
to drained and forested organic soils. The IPCC default emission factors for drained organic soils in 
the temperate zone is 0.61 tonnes carbon ha-1 yr-1, with an additional loss of 0.31 tonnes carbon ha-1 
yr-1 due to runoff emission from dissolved organic carbon (IPCC, 2006). These values were 
incorporated for all forested peatland, since drainage was a necessary practice to ensure crop 
survival at afforestation. The extent of drained non-forested blanket bog in the CSA was not known, 
so these land parcels were assumed to not be drained.  
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2.9.3.6 Carbon reporting 
The total carbon stock in each pool could be reported, but it would result in around four graphs for 
each of the four scenarios, including a lot of detail but creating difficulties in providing an overview 
and a comparison of changes in carbon stocks. Thus, the carbon ES was reported as cumulative 
carbon balance per hectare of forest land, with the cumulative carbon storage being 0 tonnes carbon 
ha-1 in 2016, the ALTERFOR model start year. The annual carbon balance was calculated in relation to 
the total changes in the carbon stocks between two years (Eq. 27), and divided by the forest area 
(Eq. 28). Changes were only recorded for living carbon, deadwood carbon, and HWP carbon; carbon 
replacement and displacement were one-off substitutions, and forested peat soils emit carbon 
annually depending on the area of drained, forested blanket bog - unless the bog is restored. The 
cumulative carbon balance per hectare for a year was calculated by adding all carbon balances per 
ha from previous years, using the first period as reference (Eq. 29).  

∆𝐶𝑝𝑜𝑜𝑙𝑗,𝑖 = 𝐶𝑝𝑜𝑜𝑙𝑗,𝑖+1 − 𝐶𝑝𝑜𝑜𝑙𝑗,𝑖      (27) 

where Cpoolj,i is the total stock carbon in category j (i.e. AGC, BGC, NMAGC, NMBGC, HRAGC, 
HRBGC, HWPCwoodpanel, and HWPCsawnwood), in year i, given in units tonnes carbon. 

𝐶𝐵𝑖ℎ𝑎−1 =
∑ ∆𝐶𝑝𝑜𝑜𝑙𝑗,𝑖 + 𝑃𝑠𝑢𝑏(𝑓𝑓)𝑡𝑜𝑡𝑎𝑙𝑖 + 𝑃𝑠𝑢𝑏(𝑃)𝑡𝑜𝑡𝑎𝑙𝑖 + (OSC ∗ 𝑝𝑒𝑎𝑡𝑓𝑜𝑟𝑖)

𝑓𝑜𝑟𝑒𝑠𝑡 𝑎𝑟𝑒𝑎𝑖
   (28) 

where CBiha-1 is the carbon balance per ha in year i, in units tonnes carbon ha-1; ∆Cpoolj,i is the 
change in carbon for category j (Eq. 27), in year i, given in tonnes carbon; Psub(ff)totali and Psub(P)totali 
are the total carbon substitution for fossil fuels and products, respectively, in year i, in tonnes 
carbon; OSC is the organic soil carbon loss, i.e. -0.92 tonnes carbon ha-1; peatfori is the area of 
drained peatland forest in year i; and forest areai is the total area of forest in year i for which the 
carbon balance was calculated. The total amount of cumulative carbon balance per hectare in year i 
is calculated using Eq. 29. 

𝐶𝐶𝐵𝑖ℎ𝑎−1 = ∑ 𝐶𝐵𝑖ℎ𝑎−11
0       (29) 

where CCBi ha-1 is the total amount of cumulative carbon balance per ha in year i since 2016 (the 
ALTERFOR model start year), given in tonnes carbon.  

2.9.4 Regulatory – Windthrow risk 
Two terms relating to windthrow risk are frequently used: critical height and terminal height. Critical 
height is a stand’s top height when the stand suffers from initial endemic windthrow, where 3% of 
the stems become windthrown (Miller, 1986). Terminal height is a stand’s top height when between 
40%-60% of the stems have been windthrown (ibid.). Endemic windthrow affects individual trees or 
groups of trees, and gaps created in previous years are often expanded by subsequent endemic 
windthrow. Wind zone maps that refer to mean annual windspeed have been created based on 
tatter flag surveys and elevation data. Each wind zone has an associated estimate of its critical 
height. The Irish wind zones, A, B, C, D, and E have the critical heights 20, 22, 24, 26, and 28 m, 
respectively. The forest in the CSA was entirely situated in wind zone B, where critical height was 22 
m, although this was not used as the upper limit to clearfell. Measuring the area of forest where the 
top height of the dominant species is 22 m or higher could give an indication of the area expected to 
experience endemic windthrow annually.  

Ní Dhubháin et al. (2009) developed a more sophisticated method to assess windthrow risk, known 
as the windthrow risk model, that uses the factors wind zone, altitude, soil type, stand top height, 
and thin status. The windthrow risk model estimates the probability of a stand experiencing > 3% of 
stems windthrown using a regression function. The general structure of the regression function can 
be found in Eq. 30. The windthrow risk model was developed for Sitka spruce stands between 2 to 
30 m top height, using data from most of Ireland (not wind zone A). This method was used to asses 
windthrow risk for all stands in the ALTERFOR model, not just the Sitka spruce ones, and was 
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reported as the total forest area with more than 75% windthrow risk and total fellable forest area 
with more than 75% windthrow risk. 

𝑝𝑖 =
𝑒(ß0+ ß11∗𝑥1+ ß2∗𝑥2+...+ ß𝑛∗𝑥𝑛)

1+𝑒(ß0+ ß11∗𝑥1+ ß2∗𝑥2+...+ ß𝑛∗𝑥𝑛)    (30) 

where pi is the probability of windthrow in stand i; x1, x2, …, xn are independent variables 
representing stand characteristics; and ß0, ß1, …, ßn are parameter estimates. The independent 
variables and parameters used to estimate windthrow probability are included in Table 43. 

Table 43. Variables and parameters used in the Irish windthrow risk model by Ní Dhubháin et al. (2009) 

Variable  
 

Parameter  

Intercept 
 

-10.5100 

Top Height (m) 0.6280 

Top Height (m2) -0.0156 

Soil type 1. Brown earth/Brown podzolic/Podzol 0.0000  
2. Raised bog -2.6800 

 
3. Blanket peat/Gley -3.2600 

Thinned 0. Not thinned 0.0000 
 

1. Thinned 1.3720 

Altitude (m) 0.0096 

Wind Zone (Miller, 
1986) 

E 0.0000 

 
D or C 1.1190 

 
B 2.3920 

Top height * Soil type 1 0.0000 

Top height * Soil type 2 0.1680 

Top height * Soil type 3 0.2677 

 

2.9.5 Biodiversity 
The biodiversity ES score was determined by measuring structural features that contribute to 
biodiversity in a forest (Nieuwenhuis & Nordström, 2017). These features were:  

• Volume of large diameter trees for DBH > 30cm, > 40 cm, and > 50 cm, all in m3 ha-1. 

• Volume of natural mortality logs and volume of large diameter natural mortality logs (DBH > 
30 cm), both in m3 ha-1. 

• Volume share of broadleaves, in percent. 

• Volume of native Irish trees and broadleaves, in m3 ha-1. 

• Area of buffer zones, in ha. 

• Area of forest aged 61-80 and area forest older than 80 years. 

The first three indicators in the list above were commonly applied for all ALTERFOR project 
countries, modification of the ALTERFOR model to include these indicators had to be done for this 
thesis. Since the growth and yield tables that were used only contain an average stand diameter, 
there was no information on the diameter distribution; instead a conifer stock table by Matthews 
and Mackie (2006) was used. The table contains percentage values of volume in different tree 
diameter classes, based on the average stand diameter. The stock table was used to estimate both 
the number of stems, the standing volume, and the mortality volume in different diameter classes. 
All biodiversity ES indicators were calculated based on inventory metrics of the forest landscape in 
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each period. The assessment of the biodiversity ESs was based on comparing how the above-
mentioned features individually changed over time. The features were not weighted into a single 
biodiversity score since the features refers to different aspects of forest biodiversity and keeping 
them separate allowed us to analyse how each factor changed over time.  

2.9.6 Water quality 
The Source Load Apportionment Model (SLAM) framework, developed by Mockler et al. (2017), was 
implemented in the GIS modelling environment to estimate total nutrient emissions from different 
land-uses in Irish catchments. The SLAM framework was used in the ALTERFOR model to estimate 
the long-term impacts on water quality from forestry and other land-uses. The baseline model 
values were modified with regards to higher emissions from peatland forests and clearfelled forests. 
The modifications were based on unpublished work by Mockler that was not implemented in the 
published study due to time constraints (Mockler, 2018). Emission factors from different land-uses in 
the ALTERFOR model are presented in Table 44. Many studies that focused on forestry impacts on 
water quality involved clearfells adjacent to watercourses. The emission values presented in Table 
44 are landscape averages, thus they are average nutrient emission values regardless of where in the 
landscape the land parcel was located, i.e. adjacent to a watercourse or far away from watercourses. 
The ALTERFOR model reported on emission rates both as total nutrient loads year-1 and average 
nutrient loads ha-1 year-1, for the forest and for the entire CSA, respectively. Additionally, the total 
nutrient loads over the planning horizon and total nutrient loads over the planning horizon ha-1 
could be calculated for the forest and the entire CSA, respectively, post optimisation. 

Table 44. Nitrogen and phosphorous emission rates from different land-uses used in the ALTERFOR model. Based on: 
Mockler et al. (2017) and Mockler (2018) 

Land-use Emission rates (kg ha− 1 yr− 1)  
N P 

Scrubland and woodland-shrub 3.71 0.57 

Pasture and heathland 5.42 0.33 

Peat bogs 2.00 0.20 

Forestry - existing forest 5.42 0.33 

Forestry - 4 years after clearfell 5.42 0.90 

Forestry on peat soil 5.42 0.60 

Forestry on peat soil - 4 years after clearfell 5.42 1.17 

 

2.9.7 Cultural services 
The cultural ES evaluation focused on two of the cultural ES categories highlighted in Millennium 
Ecosystem Assessment: aesthetic appreciation of natural and cultivated landscapes, and recreation 
and tourism (Millennium Assessment Board, 2005). The recreational aesthetics of the forest 
landscape was assessed using the Recreational and Aesthetic value of the Forested Landscape2 
(RAFL) index (Table 45) (Nieuwenhuis & Nordström, 2017). The RAFL-index framework was largely 
structured using four abstraction levels identified by Tveit et al. (2006): concept – dimension – 
attribute – indicator. The RAFL-index was averaged based on all the concept scores and moving 
down each abstraction level the defined forest features that influenced the index became more 
specific, with the indicator level being a defined and measurable variable. The concepts were based 
on perceived preferred forest structures to recreationalists, drawing from findings on scenic quality 

 
2 Developed for the ALTERFOR project by Marjanke A. Hoogstra and Geerten Hengeveld of the Forest and 
Nature Conservation Policy group, Wageningen University, the Netherlands. 
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of landscapes (Tveit et al., 2006; Ode et al., 2008) and scenic beauty of forests (Edwards et al., 
2012b; Giergiczny et al., 2015).  

The concepts included stewardship, naturalness/disturbance, complexity, visual scale, 
historicity/imageability, and ephemera. Each concept refers to one or more cultural dimensions, 
which in turn have an associated attribute that was quantified using indicators from the forest 
landscape. Some attribute indicators were determined based on average forest landscape yield table 
values (e.g. stems ha-1, volume of harvest residue left on the site,) while others depended on forest 
landscape composition (e.g. area of natural woodland, forest area with understory). The attribute 
indicators were scaled to have equal impact on the RAFL index, by determining upper and lower 
limits of the indicator. Seven of attributes had a negative impact and five attributes had a positive 
impact on the RAFL index, referred to as direction (plus or minus). For example, a high volume of 
harvest residue resulted in the stewardship concept receiving a score of 0, since the direction of the 
harvest residue attribute was negative – the higher the attribute, the lower the score. The landscape 
attributes were averaged based on the concept they belonged to (e.g. the naturalness/disturbance 
concept score was averaged from the attributes percent of area harvested, mortality volume, and 
Hemeroby index). Finally, all concepts were averaged into the RAFL-index. The attribute values were 
calculated as landscape averages in the ALTERFOR model, but determining attribute directions (i.e. 
positive or negative impact of the attribute), averaging attribute scores at the concepts level (i.e. 
mean tree number and understory scores averaged to create the visual scale concept score), and 
calculating the RAFL-index had to be done post-optimisation. 

Most of the values were determined based on forest landscape averages. The attributes Shannon 
index and evenness of tree size on landscape level were calculated using landscape average values. 
Hemeroby index and understory were landscape averages based on values assigned to FMMs (Table 
46); the concept of FMMs is explained in section 2.8 Forest Management Models.  

The Shannon index was calculated by multiplying the percentage merchantable volume of each 
species in the landscape with the natural logarithm of itself (Eq. 31). These values were then added 
up and multiplied by -1 (Eq. 32). 

𝑝𝑙𝑛𝑣𝑜𝑙𝑖 = 𝑝𝑣𝑜𝑙𝑖 ∗ ln(𝑝𝑣𝑜𝑙𝑖)     (31) 

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  −1 ∗ ∑ (𝑝𝑙𝑛𝑣𝑜𝑙𝑖)𝐼
1    (32) 

where pvoli is the percentage of the merchantable volume of species i; plnvoli is the percentage of 
merchantable volume of species i multiplied by the natural logarithm of itself; and I is the number of 
forest species in the landscape at the start of the model. Where multiple species were grouped in 
the ALTERFOR model, they were treated as a single species for the Shannon diversity index, e.g. 
larches were treated as one species, despite being a combination of Japanese larch and hybrid larch.   

The evenness of tree sizes on the landscape level was calculated by getting a percentage logarithmic 
estimate of each DBH class (Eq. 33). These percentage logarithmic DBH class values were summed 
and divided by the natural logarithm of the number of diameter classes (Eq. 34). 

𝑝𝑙𝑛𝑝𝐷𝐵𝐻𝑖 =
𝑣𝑜𝑙𝐷𝐵𝐻𝑖

𝑉𝑂𝐿𝑡𝑜𝑡
∗ ln(

𝑣𝑜𝑙𝐷𝐵𝐻𝑖

𝑉𝑂𝐿𝑡𝑜𝑡
)    (33) 

𝐷𝐵𝐻 𝑒𝑣𝑒𝑛𝑛𝑒𝑠𝑠 =  
−1∗ ∑ (𝑝𝑙𝑛𝑝𝐷𝐵𝐻𝑖

𝐼
1 )

ln (𝐼)
    (34) 

where DBH evenness is the evenness of tree sizes on the landscape level; I is the number of DBH 
classes; plnpDBHi is the proportion of the total volume in DBH class i multiplied by the natural 
logarithm of the proportion of the total volume in DBH class i; volDBHi is the volume in DBH class i; and 
VOLtot is the total volume in the CSA. 
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Table 45. Overview of operationalisation of attributes for all dimensions and concepts, including the specific value functions 
to determine upper and lower limits before averaging the score to create the RAFL-index 

Concepts Dimensions Attribute Indicator (units) 
Direction 

of 
attribute 

Value-function 

Stewardship Sense of care / upkeep Harvest residues m3/ha - 
0 m3 = 0,  

≥3 m3 = 1,  
linear 

Naturalness / 
disturbances 

Alteration/impact Area harvested 
% of forest area 

harvested 
- 

0% = 0,  
5% = 1,  
linear 

Wilderness 
Mortality 
volume 

m3/ha + 
0 m3/ha = 0,  
5 m3/ha = 1,  

linear 

Intrusion Hemeroby index 

0 = natural, non-
disturbed forest, 
0.33 = close to 
natural, 0.66 = 

semi-natural, 1 = 
far from natural 
(monocultures, 

plantation) 

- Linear 

Complexity 

Diversity 

Shannon index 
(species, 
standing 
volume) 

 + 
0.5 = 0,  
2 = 1,  
linear 

Variety 

Evenness of tree 
sizes on 

landscape level 
(dbh) 

0 – 1 + Linear 

Spatial pattern 
Stand size 
variation 

Percent of total 
forest landscape 

occupied by 
largest forest 

stand 

- 
0% = 0, 
5% = 1,  
linear 

Visual scale 

Openness 
Mean tree 

number 
stems/ha - 

1000 = 0,  
2000 = 1, 

 linear 

Visibility Understory 
Percent of forest 

stands with 
understory 

- Linear 

Historicity / 
imageability 

Historical richness Mean stand age years + 
20 yr = 0, 
60 yr = 1, 

linear 

Historical continuity / place 
identity 

Change in forest 
location 

(afforestation, 
deforestation) 

Percent of forest 
area that 

changed location 
(afforestation and 

deforestation) 

- 
0% = 0,  

10% = 1,  
linear 

Ephemera Seasonal change 
Share 

broadleaves 
Percent broadleaf 

volume of total 
+ 

0% = 0, 
5% = 1, 
linear 
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Table 46. Hemeroby index and understory scores assigned to FMMs to calculate the RAFL-index 

FMM Hemeroby index Understorey 

 1 - Sitka spruce monoculture 1.00 0.00 

 2 - Sitka Spruce with diverse 
conifer mix 

1.00 0.00 

 3 - Sitka spruce with broadleaf 
mix 

0.90 0.00 

 4 - Diverse conifers 0.90 0.00 

 5 - Lodgepole pine monoculture 1.00 0.00 

 6 - Buffer zones / setbacks 0.34 0.00 

 7 - Native Woodland Site 0.34 1.00 

 8 - Continuous Cover Forestry 
(CCF) broadleaves 

0.50 1.00 

 9 - Clearfelling broadleaves 0.67 0.50 

 

2.10 Global Scenarios 
The global scenarios used by the ALTERFOR project included the effect of climate change on tree 
growth and dynamic changes in timber assortment prices. The scenario narratives (Forsell & 
Korosuo, 2016) were provided by the International Institute for Applied Systems Analysis (IIASA), 
using the Global Biosphere Management Model (GLOBIOM) (Havlík et al., 2014). The global 
scenarios were based on analyses combining the European Union policy scenarios (Forsell et al., 
2016) and the framework for Representative Concentration Pathways - Shared Socio-economic 
Pathways (RCP-SSP) developed for the IPCC (Fricko et al., 2017). The climate model used was 
HadGEM2-ES (Moss et al., 2010; Van Vuuren et al., 2011). The global scenarios used by the 
ALTERFOR project, including their GLOBIOM climate scenario and descriptions, were:  

• BAU – Business as usual: No climate change or dynamic prices implemented, used as 
baseline to compare the global scenario results to. 

• S1 – Reference: Temperature increase of 3.7°C by 2100, compared to pre-industrial values. 
Climate scenario: RCP8.5. No effort to mitigate climate change. 

• S2 – EU Bioenergy: Temperature increase of 2.5°C by 2100, compared to pre-industrial 
values. Climate scenario: RCP4.5. EU effort to mitigate climate change through an increased 
bioeconomy. 

• S3 – Global Bioenergy: Temperature increase of 1.5-2.0 °C by 2100, compared to pre-
industrial values. Climate scenario: RCP2.6. Global effort to mitigate climate change through 
an increased bioeconomy. 

These three global scenarios, with different assumed levels of climate change mitigation efforts, 
consisted of high-level narratives. For the purpose of this thesis these narratives were converted and 
brought down to the Irish CSAs so that external impacts could be implemented and analysed in the 
ALTERFOR model. 

2.10.1 Climate change 
The implementation of climate change impacts in the ALTERFOR model was done using the Irish 
software Climadapt (Ray et al., 2009). There were four steps involved in understanding how 
Climadapt makes productivity prediction and how these productivity predictions could be 
transformed into a format that could be read by the Woodstock software: 

1. Climadapt productivity predictions. 
2. Calculating species-specific area-weighted average proportional yield class change values. 
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3. Removing outliers for more realistic species-specific averages. 
4. Implementing scenario specific values in the ALTERFOR model. 

The global scenarios species-specific YC change values that were used to implement climate change 
the in ALTERFOR model can be found in Table 49. 

2.10.1.1 Climadapt productivity predictions 
Climadapt make its own predictions on future YC and species suitability using ecological site 
classifications and IPCC climate change predictions. The ecological site classification predictions were 
based on soil data for soil nutrient regime and soil moisture regime, and climatic factors for 
accumulated temperature, moisture deficit, Detailed Aspect Method of Scoring (DAMS; for wind and 
exposure), and continentality (Ray et al., 2009). Climadapt uses climate data for the period 1960 – 
1990, making 1990 the base year for all its YC predictions. Based on this information Climadapt 
predicts the current and future YC for 20 common Irish forestry species, using the IPCC A2 scenario 
(IPCC, 2000). Since Climadapt based its future YC prediction on the ecological site classification and 
climate data, and not on the YCs in the land-use layer, it would be crucial that Climadapt’s current YC 
(i.e. in 2016) was identical to the current YC in the land-use layer, if Climadapt’s estimated future YC 
were to be used in the ALTERFOR model. 

2.10.1.2 Calculating species-specific area-weighted average proportional yield class change values 
The YC in the land-use layer were derived from a combination of the Coillte forest inventory 
productivity data and the productivity model by Farrelly et al. (2011a), used in the All Ireland 
Roundwood Production Forecast 2016-2035 (Phillips et al., 2016). It was discovered that the YC in the 
land-use layer differed slightly from Climadapt’s current YC, so the Climadapt predicted future YCs 
could not be implemented directly into the ALTERFOR model. Thus, starting with the land-use layer 
YCs and having then change to the Climadapt estimated future YC would result in inaccurate climate 
change implementation. Instead, Climadapt was used to determine both the current and future YCs, 
and from these the relative proportional change was determined. The proportional YC changes were 
calculated for 11 species (or species groups) used in the ALTERFOR model. However, maintaining this 
amount of information for each individual polygon would make the ALTERFOR model unfeasibly 
large and complex.  

Upon analysing and spatially inspecting all data for the CSA, a consistent pattern was found where 
the Climadapt estimated species-specific YC change values either increased (Figure 16) or decreased 
(Figure 17). The pattern was especially evident for forested areas. For example, Figure 17d shows 
the YC value for oak over the entire CSA; it has a very mixed pattern, but when looking at the 
forested polygons the direction of change for the average YC value was decreasing, rather than 
increasing. A YC value produced by Climadapt of 100% means that the YC is the same in 2080 as it is 
1990, the base year for Climadapt’s current YC predictions. Additionally, Climadapt predicted 
extremely high changes in yield class for several smaller polygons (see Section 4.3.6), further adding 
to the reasons of not using individual polygon YC change values.  

Thus, an area-weighted average proportional YC change value was calculated for the 11 species in 
the ALTERFOR model that Climadapt predicted the future YC for, and only the forested polygons in 
the CSA were used for this calculation. The benefit of this approach was that the proportional YC 
change was derived from Climadapt, while the ALTERFOR model used the YCs from the land-use 
layer (see section 2.4.3.5). The land-use layer YC values were considered to be more accurate than 
the Climadapt estimated YCs as they were based on inventory data, in the case of Coillte forests. The 
species-specific area-weighted average proportional YC change value was subjected to outlier 
removal to eliminate extreme values; the method of removing those outliers to achieve a more 
reliable CSA average is explained in section 2.10.1.3. 
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Figure 16. Species with an increasing YC over the planning horizon: a – Beech, b – Birch, c – Larch, d - Lodgepole pine and e - 
Scots pine. A YC value of 100% means that the species productivity remained unchanged, <100% means that productivity 
decreased, and >100% means that productivity. 
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Figure 17. Species with decreasing YC over the planning horizon: a - Alder, b – Ash, c - Norway spruce, d – Oak, e - Sitka 
sprue and f – Sycamore. A YC value of 100% means that the species productivity remained unchanged, <100% means that 
productivity decreased, and >100% means that productivity increased. 

2.10.1.3 Removing outliers for more realistic species-specific averages 
Due to gaps in the raster data used by Climadapt to predict the future YC some of the polygons 
received negative YC values (i.e. infeasible values, as opposed to decreasing YC values), zeros, 
extremely high, or very low proportional values. The issue with raster gaps is explained in the 
discussion, Chapter 4.3.6 Climate change - Individual polygons extreme proportional YC change. 
Since the CSA was relatively homogenous and proportional YC change values could be expected to 
be similar between neighbouring stands, without any extremely high or low proportional YCs it was 
decided to remove the extreme values as they originated from data gaps in the Climadapt YC 
prediction. The option of trimming these outliers was investigated to calculate a truncated mean and 
produce more representative and realistic species-specific area weighted averages for the CSA. 
Forested polygons that had proportional YC change in the range of 50% to 150% were used to 
calculate the change statistics for all species. This range was chosen since it fitted the Sitka spruce 
data well. For example, Sitka spruce YC values were mainly between 59% and 102%, and values in 
this range were also continuous, i.e. there were no big gaps between proportional YC values. Large 
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gaps were found towards the next lower value, which was 29%, and the next higher value, which 
was 347%.  

For Sitka spruce, there were 31 polygons with proportional YCs below 50%, 2,323 polygons with 
proportional YCs between 50% and 150%, and 12 polygons with proportional YCs over 150%. For 
most other species (except Scots pine and beech), the continuous value range was also within the 
50% and 150% range. Trimming the data with the abovementioned method had little impact on the 
first, second (average), and third quantiles, but only changed the minimum and maximum values, it 
also reduced the standard deviations (Table 47 and Table 48). Due to gaps in the raster Scots pine 
and beech were the species affected most by removing outliers below 50% and above 150%; the 
area-weighted average went from 150.7% to 109.0% for Scots pine and from 184.1% to 100% for 
beech. For the other species, the area-weighted average proportional YC did not change very much 
by removing outliers, suggesting that there were relatively few outliers, that the outliers only 
occupied a very small area, and/or that the area with high outliers was equal to the area with low 
outliers.  

Table 47. YCs in the year 2080 (as a % of 1990 values) for scenario A2, for 11 species. Statistics only for the forests in the 
CSA. The data in the first row were area-weighted from the total forest area, the other data was derived from polygon level 
statistics. Species abbreviations can be found in Table 12 

 
SS LP BI AL OA JL AS SY SP NS BE 

Area Weighted Average 82.6 106.9 103.4 93.8 97.9 100.5 84.4 90.7 150.7 91.0 184.1 

Minimum Value 22.1 -0.1 -0.1 0.0 0.0 -0.1 0.0 0.0 -0.1 -0.1 -0.1 

First Quartile 77.3 105.1 100.7 95.0 93.7 98.4 80.7 89.2 115.6 89.6 102.0 

Average 84.8 107.5 102.3 93.2 97.5 97.9 88.0 92.1 147.6 90.9 201.7 

Third Quartile 94.0 108.2 104.7 95.9 100.2 103.8 83.5 90.6 160.0 91.2 179.4 

Maximum Value 400.9 220.9 168.2 178.4 375.5 389.7 2148.5 350.6 731.4 308.0 5973.9 

Standard Deviation 24.5 15.4 9.7 9.0 23.6 28.8 76.3 25.2 57.6 17.2 523.0 

 
Table 48. YCs in the year 2080 (as a % of 1990 values) for scenario A2, for 11 species. Statistics only for the forests in the 
CSA where the proportional YC is between 50% and 150%, i.e. with outliers removed. The data in the first row were area-
weighted from the total forest area, the other data was derived from polygon level statistics. Species abbreviations can be 
found in Table 12 

 SS LP BI AL OA JL AS SY SP NS BE 

Area Weighted Average 82.1 106.8 102.6 93.8 96.7 100.2 82.2 88.2 149.5 90.9 164.2 

Minimum Value 59.5 62.0 62.8 60.6 83.8 43.7 75.6 47.1 73.5 64.7 67.4 

First Quartile 77.3 105.2 100.7 95.0 93.8 98.9 80.8 89.1 115.8 89.6 102.1 

Average 84.1 106.9 101.8 93.2 97.0 97.0 83.1 87.0 144.7 90.6 155.7 

Third Quartile 94.0 108.0 104.6 95.9 100.2 103.8 82.4 90.4 160.0 91.2 179.2 

Maximum Value 101.5 128.1 124.1 105.5 120.7 122.9 114.3 111.5 172.0 120.4 200.2 

Standard Deviation 10.7 5.1 6.2 7.4 4.2 14.4 4.4 9.8 23.4 6.9 36.7 

 

2.10.1.4 Implementing scenario specific values in the ALTERFOR model 
Climadapt uses climate data for the period 1960 - 1990, making 1990 the base year for which the 
proportional YC was set to 100%, and all future productivity changes were relative to the 1990 value. 
The proportional annual YC change was assumed to be linear, from 1990 to 2080. Using annual 
change avoided sharp increases or decreases in productivity, compared to applying YC changes on a 
decennial or semi-centennial basis. The annual YC change factors were extracted for the years 2016 
to 2080. By the year 2016, climate change has already altered the YC of species compared to the 
1990 value. The YC change did not alter the growth and yield tables nor the site productivity during 
reforestation transition. Instead, all volume-based outputs were multiplied by the YC change factor 
(Table 49). Species suitability for a site was assumed to remain the same as soil type and elevation 
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did not change. However, if the climate on a site became too unfavourable for a species, that species 
would respond by growing slower (as predicted by Climadapt); the forester (the ALTERFOR model) 
will then respond by choose a faster growing species for reforestation to better achieve the 
objective function.  

Climate change impacts on productivity were applied for three scenarios, with the baseline for each 
described in 2.10 Global Scenarios. In one scenario (S3) no further climate change took place since 
2016, so productivity was unchanged from this year although a degree of change took place 
between 1990 and 2016 (Table 49). The other scenarios include different level of severity of climate 
change, the most severe scenario (S1) corresponding to the A2 scenario for which the Climadapt 
proportional YC changes were produced (Table 49). The less severe scenario (S2) had half the global 
temperature increase compared to S1 (Table 49). Thus, it was assumed that other climatic changes, 
such as increased precipitation, would also be halved compared to S1, resulting in the S2 scenario 
experiencing half the proportional YC change compared to S1. This method was applied since 
Climadapt could only project YC change by the year 2080 for the S1 scenario. 
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Table 49. Proportional YC (in %) in 1990, 2016, and 2080 for 11 species, for three future scenarios. Proportional YC values 
were evaluated against the 1990 base year: meaning a proportional YC of 100% in any year means that the YC was 
unchanged, a YC value smaller than 100% mean that YC decreased, and a value higher than 100% mean that YC increased. 
The last Climadapt prediction was for 2080, so this value was assumed for all subsequent years until 2116, the final year in 
the ALTERFOR model 

Species (group) Year S1 S2 S3  

   Proportional YC  

Sitka spruce 

1990 100.0 100.0 100.0 

2016 94.8 94.8 94.8 

2080 82.1 91.1 94.8 

Lodgepole pine 

1990 100.0 100.0 100.0 

2016 102.0 102.0 102.0 

2080 106.8 103.4 102.0 

Birch (and other 
broadleaves) 

1990 100.0 100.0 100.0 

2016 100.7 100.7 100.7 

2080 102.6 101.3 100.7 

Oak 

1990 100.0 100.0 100.0 

2016 99.0 99.0 99.0 

2080 96.7 98.3 99.0 

Larch 

1990 100.0 100.0 100.0 

2016 100.0 100.0 100.0 

2080 100.2 100.1 100.0 

Scots pine 

1990 100.0 100.0 100.0 

2016 114.3 114.3 114.3 

2080 149.5 124.7 114.7 

Norway spruce, 
Douglas fir, & Other 

conifers 

1990 100.0 100.0 100.0 

2016 97.4 97.4 97.4 

2080 90.9 95.4 97.4 

Beech 

1990 100.0 100.0 100.0 

2016 118.5 118.5 118.5 

2080 164.2 132.1 118.5 

Sycamore 

1990 100.0 100.0 100.0 

2016 96.6 96.6 96.6 

2080 88.2 94.1 96.6 

Ash 

1990 100.0 100.0 100.0 

2016 94.9 94.9 94.9 

2080 82.2 91.1 94.9 

Alder 

1990 100.0 100.0 100.0 

2016 98.2 98.2 98.2 

2080 93.8 96.9 98.2 
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2.10.2 Dynamic Prices 
Dynamic prices were an integral part of modelling the global scenarios. IIASA used GLOBIOM to 
provide future expected mill gate prices for both pulpwood and sawlog for three scenarios (i.e. S1, 
S2, and S3) (Forsell & Korosuo, 2016). The prices were provided on a decennial basis, expressed in 
US dollars starting in the year 2010 (Table 50). There were three steps required to implement these 
dynamic prices in the model: 

1. Convert the 2010 US dollar mill gate prices to euros. 
2. Calculate mill gate price value change. 
3. Implementing standing timber price value change factors. 

2.10.2.1 Convert the 2010 US dollar mill gate price to euros 
Several currency exchange websites and central bank websites were examined to determine that the 
exchange rate of one US dollar in 2010 was, on average, 0.754 euro. The pulpwood and sawlog mill 
gate prices, for each decade, in each scenario were multiplied with this conversion factor so that 
dynamic prices were converted to euros. 

Table 50. National average mill-gate price for Ireland by decade, in USD (exchange rate in 2010) m-3. Source: Forsell and 
Korosuo (2016) 

Scenario Assortment 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 

S1 
Sawlog 67.06 75.04 75.50 85.71 85.85 86.00 83.74 88.36 88.87 89.91 

Pulpwood 33.37 37.92 50.22 42.81 45.50 37.92 37.92 37.92 37.92 37.92 

S2 
Sawlog 67.06 74.50 79.14 80.64 82.80 83.05 83.12 92.63 96.19 101.90 

Pulpwood 33.37 34.89 40.84 39.73 38.12 37.92 37.92 37.92 37.92 37.92 

S3 
Sawlog 67.06 74.11 78.83 73.79 79.37 84.95 84.83 85.57 90.60 92.09 

Pulpwood 33.37 34.89 41.05 52.96 59.77 66.58 66.46 66.28 71.02 72.52 

 

2.10.2.2 Calculate mill gate price change value 
Mill gate price incorporates standing timber value, felling and extraction costs, and trucking costs, 
and the ALTERFOR model focused on maximising NPV from mill gate sales, much like how Coillte 
operates. The mill gate prices in the ALTERFOR model, based on Coillte data were higher than those 
provided by IIASA. The IIASA mill gate price was based on changes in demand and supply of wood 
timber and thus the changes in price were due to standing timber prices, while costs for harvesting, 
extraction, and trucking were constant over time (Forsell & Korosuo, 2016). Thus, the IIASA mill gate 
price was converted into a decennial mill gate price change value (Figure 18), which was then 
converted into an annual mill gate price change value to avoid sharp spikes in timber price changes 
(Figure 19). This annual price change value was only applied to the standing timber price in the 
ALTERFOR model. 
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Figure 18. Decennial dynamic price change factors for the BAU scenario, S1, S2, and S3, using 2010 as the base year. These 
values were not used in the ALTERFOR model. 

  

Figure 19. Annual dynamic price change factors used for the BAU scenario, S1, S2, and S3. 2010 was used as the base year, 
but only the values from 2016 to 2116 were imported to the ALTERFOR model. 

2.10.2.3 Implementing standing timber price value change factors 
The ALTERFOR model uses Teagasc’s average standing timber prices for sawn wood and pulpwood, 
based on average tree-size for the years 2004 - 2016 (Teagasc, 2018). The IIASA price change was 
defined for sawlog and pulpwood individually and these price changes were linked to the respective 
assortment in the ALTERFOR model. The sawn wood price change was applied to the harvested yield 
table assortments for stake wood, small sawlogs and large sawlogs from commercial conifers. The 
pulp wood price change factor was applied to the yield table assortment for pulpwood from 
commercial conifers, all harvested lodgepole pine volumes, and all harvested broadleaf volumes. 
The reference year for the timber prices was 2010 and since the model’s base year was 2016, a 
degree of change in prices had already taken place by the start of the planning horizon. The last year 
for which dynamic prices were predicted was 2100 and the price change factor applied in this year 
was held constant for the years in the remainder of the planning horizon to 2116 (Table 51). All 
harvested timber revenues from thinnings and clearfells were multiplied with the appropriate price 
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change factor for the year of harvesting to reflect the changed price. The general trends in the sawn 
wood and pulpwood prices were:  

• Sawlog prices in S1 increased in the first 30 years, then prices remain static at 29% higher 
than the start year. S2 had a static value early on, with steep increase in sawlog prices by 
38% around year 60-90. Sawlog prices were generally highest in S3 with steady increase in 
sawlog prices throughout the planning horizon to a level 42% higher than in the start year.  

• Pulpwood prices increased substantially by 2030 in all scenarios, and S1 had the highest 
early price increase in the first 20 years, then slight decline around year 30, after which 
prices were mostly static at 21% higher than the start year. In S2 the pulpwood price 
increased by 22% followed by decline all within the first 50 years, followed by static prices at 
14% higher than the start year. S3 pulpwood prices increased throughout the planning 
horizon and had increased by 84% by 2100. 

Table 51. Price change factors used in the three global scenarios. Although the table only contain values for every decade to 
reduce table size, the price change factor was linearly interpolated and implemented on an annual basis. A factor of 1.00 
corresponds to no price change, compared to the 2010 price, a factor of 1.10 corresponds to a 10% price increase 

Year  Dynamic Price change factor   
S1 S2 S3  

Sawlog Pulpwood Sawlog Pulpwood Sawlog Pulpwood 

2010 1.00 1.00 1.00 1.00 1.00 1.00 

2016 1.07 1.08 1.06 1.03 1.06 1.03 

2020 1.12 1.14 1.10 1.05 1.09 1.05 

2030 1.18 1.46 1.18 1.22 1.18 1.22 

2040 1.27 1.31 1.19 1.19 1.18 1.51 

2050 1.28 1.38 1.21 1.15 1.26 1.64 

2060 1.25 1.21 1.21 1.14 1.34 1.75 

2070 1.23 1.21 1.21 1.14 1.34 1.75 

2080 1.28 1.21 1.30 1.14 1.34 1.75 

2090 1.28 1.21 1.34 1.14 1.40 1.82 

2100 1.29 1.21 1.38 1.14 1.42 1.84 

2116 1.29 1.21 1.38 1.14 1.42 1.84 
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3 Initial forest conditions and ecosystem services trade-offs 
Before analysing the changes in forest management and supply of Ecosystem Services (ESs) due to 
implementing the global scenario impacts of climate change and dynamic prices, it is important to 
present the CSA, as well as the initial forest conditions and establish the upper and lower ES 
provision limits of the forest landscape (Figure 20).  

 

Figure 20. Research described in Chapter 4: Min-max limits of forests ES indicators at the landscape level, in light green 
colour, within the context of the entire thesis. The results from the ES indicators min-max limits were compared to the run 
results from Chapter 5 and 6, and in the end of Chapter 6 to provide an overview of how the of global scenarios performed 
in terms on ES indicators. 

3.1 Case Study Area 
Information about the initial forestry conditions in the Case Study Area (CSA), the Barony of 
Moycullen, is essential in understanding and analysing many of the changes that can occur over the 
planning horizon. A short summary description of the CSA is presented, followed by a more in-depth 
description using the assigned ALTERFOR themes. The CSA contains the Cloosh Valley forest and 
Derrada forest (Figure 21), with parts of Cloosh and parts of the Derrada forest forming the largest 
continuous forest area in Ireland at almost 4,600 ha. Sitka spruce and lodgepole pine, which 
dominate the CSA, were mainly planted in the 1970s and 1980s. The general area has high 
recreational pressure, both from Galway residents and tourists. Large parts of the CSA are 
designated as Natura2000 areas, most prominently the Connemara Bog Complex, which has both 
Special Area of Conservation (SAC) and Special Protection Area (SPA) status. The CSA contains three 
Freshwater Pearl Mussel (FPM) catchments: Ballynahinch - Caher, Owenriff, and Knock. The Owenriff 
catchment is one of Ireland’s eight priority FPM catchments (Moorkens et al., 2013), and to mitigate 
any adverse environmental impacts from forestry operations the harvesting moratorium placed in 
2006 is still in effect here (Clarke, 2016; McCarthy Keville O’Sullivan Ltd, 2018). The Owenriff 
catchment covers an area of 6,743 ha, all inside the CSA, with peat bogs, forestry, and natural 
grassland covering 64.0%, 19.2%, and 10.4%, respectively, with the difference being made up of 
discontinuous urban fabric, woodland scrub, and waterbodies (DAFM, 2018). The other two FPM 
catchments were eligible for clearfelling, although the wider FPM water buffer applied to all three 
catchments. Due to the environmental designation of areas around the Cloosh Valley Forest Coillte 
are not allowed to do any aerial fertilisation. There is the option to do manual fertilising, but this 
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option is not utilised as there is not enough manpower in the area (Flanagan, 2018). Additionally, the 
CSA contains the Galway wind Park, which entered commercial operation in October 2017 and is a 
partnership between SSE Renewables and Coillte Enterprise. The park has 58 wind turbines, 
although it was planned and approved for 69 wind turbines (SSE Ireland, 2019). At 174 MW, the 
wind park is Irelands largest and best performing, and the site is one of the best in Europe for having 
consistent and strong winds.  

These multiple uses make the forested landscape an interesting testing ground for analysing the 
long-term impacts resulting from climate change and the changes in timber prices on sustainable 
forestry and ESs. Windthrow is a serious problem for forestry due to the CSA’s proximity to the 
Atlantic Ocean, and the risk of windthrow is exacerbated due to the extensive blanket peat soils, 
which are also extremely poor in nutrients. Descriptive statistics for the CSA can be found in Table 
52. 

 

 
Figure 21. The Barony of Moycullen CSA in County Galway, Ireland, delineated by its land-uses. Pasture Bog Habitat is 
blanket bog utilised for commonage pastures. Margaritifera areas refer to catchments with FPM. The Cloosh Forest is the 
forest area at the centre of the CSA, Derrada is located north of Cloosh. The Owenriff catchment contains much of the 
Derrada forest and is located just north of Cloosh. The Knock catchment is located in the south-east, and the Ballynahinch – 
Caher catchment is located in the north-west. 
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Table 52. Descriptive statistics for the CSA relating to climate, land-use and forest data 

 

Barony of Moycullen 

Temperature July (°C) 12-19 

Temperature January (°C) 3-8 

Annual rainfall (mm) 1600-2000  

ha % 

Forest area  10230.0 13.2 

Enclosed pasture  4882.5 6.3 

Blanket bog  8447.5 10.9 

Bog land/commonage pasture  45260.0 58.4 

Scrub  465.0 0.6 

Other and urban  8215.0 10.6 

Total area 77,500.0 100 

Ownership of forest (%) 

Coillte 81.1 

Private, grant-aided 14.1 

Private, non-grant aided 4.8 

Species cover (%) 

Sitka spruce 41.0 

Lodgepole pine 29.4 

Other conifers 4.1 

Broadleaves 6.0 

Open area in forest stands 19.5 

YC Productivity (by stocked forest area) (m3 ha-1 an-1) 

≤10 33.6 

12-14 44.0 

16-18 20.0 

≥20 2.4 

Age class distribution of forest (%) 

≤10 8.8 

11-20 15.5 

21-30 29.4 

31-40 35.1 

41-50 6.8 

≥51 4.4 

Soils Forest (%) CSA (%) 

Lithosols/Peaty podzols 15.3 18.7 

Blanket peats 82.0 71.7 

Gleys 0.2 1.3 

Brown earths/podzolics 1.7 4.2 

Cutaway peat 0.8 4.1 

Elevation Forest (%) CSA (%) 

0-100 50.4 75.9 

101-200 40.7 20.1 

≥201 8.9 3.9 

 

3.1.1 Land-use and tree species (ALTERFOR model Theme 1) 
The CSA is situated in a landscape heavily dominated by sheep grazing on unenclosed low-intensity 
pasture, i.e. commonage land (58.4%). The second largest land-use by area is forestry (13.2%), 
followed by natural blanket bog (10.9%), enclosed pasture (6.3%), and a small area of scrub (0.6%). 
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10.6% of the area could not be modelled in the ALTERFOR model: some of this consists of water and 
lakes, built and developed land, or polygons with insufficient information to be included. 

The forest landscape was dominated by Sitka spruce and lodgepole pine (Figure 22). There was a 
considerable area of open forest space due to roads, ride lines, fire breaks and, mainly, low-stocking 
rates, which reflects the CSA’s abundance of low-productivity sites, many of which are generally too 
poor for forestry. There was a considerable area of “Unknown broadleaves” (375.6 ha) in the CSA; 
these are non-grant aided forests, thus there was no information on either species or age. 
Therefore, these areas could not be properly included in the ALTERFOR model, meaning only 235.0 
ha out of 610.6 ha of broadleaf forest could be modelled. Noble fir and birch were used as 
aggregation species for other conifers and other broadleaves, respectively, in the ALTERFOR model, 
as growth and yield tables were not available for all forest species present in the CSA.  

 

Figure 22. Areas of forest species, cleared area, and open space in the CSA.  

3.1.2 Yield class and species proportion (ALTERFOR model Themes 2, 12, 14, and 3, 13, 15) 
Yield Class (YC) and species proportion are presented together here to give a sense of both site 
productivity and how common mixed-species stands were in the forest. The YC of forested land is 
based on currently growing species and is thus not recalculated and presented as Sitka spruce 
equivalent. The most common YC ranged from 8 to 16 m3ha-1yr1 (Figure 23). These values are quite 
low compared to the YC for Irish forest established on mineral soil but are comparable to general 
productivity values for blanket peat forests. When analysing the forest inventory data, 53.3%, 28.0% 
and 18.7% of all forest area had one, two, and tree species in their stands, respectively (Figure 24). 
However, the total forest area occupied by the primary, secondary, and tertiary species was 91.8%, 
7.5%, and 0.7%, respectively. Despite many of the forest stands in the CSA being mixed species 
stands, they were heavily dominated by a single species. 
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Figure 23. Area of the CSA by YC. Each YC area is classified according to the contributions from species 1, 2 and 3 in each 
stand, and the total.  

 

Figure 24. Forest stand types by area in the CSA, divided on number of species and whether the stands were dominated by 
conifers or broadleaves. 

3.1.3 Environmental constraints (ALTERFOR model Theme 5) 
Environmental constraints and other environmental and conservation related designations 
determine eligible forestry actions. Overall, there were many environmental designations in the CSA 
(Table 53), and several of them overlapped (Table 54). With 51.6% of the forest area having one or 
more designations, or being adjacent to a designated area, only 20.5% had just one designation. The 
corresponding numbers for the entire CSA landscape were 74.4% of all area having one or more 
designations, and 15.2% just having one designation.  
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Table 53. Area (ha) of the CSA forest and the entire landscape with environmental designations. Many areas had multiple 
designations. 

Designation Forest Landscape 

SPA 789.3 20,009.3 

SAC 3,033.1 46,698.5 

NHA 394.8 7,834.8 

pNHA 2,814.7 41,846.2 

OWS 191.2 - 

NWS 120.3 - 

FPM – Owenriff catchment 1,802.8 9,998.7 

FPM - other catchment 393.8 4,819.7 

Potential road buffer 90.2 - 

Potential water buffer 690.1 - 

No designation 4,929.0 21,239.1 

 

Table 54. Number of forest polygons and forest area (ha) that had between 0 and 6 designations, according to the 
ALTERFOR model theme 5 

Number of 
designations 

Number of 
polygons 

Area 

0 1284 4967.4 

1 785 2,086.9 

2 317 1,571.7 

3 259 1,338.1 

4 102 255.0 

5 7 9.9 

6 2 1.0 

 

3.1.4 Soil (ALTERFOR model Theme 6) 
The landscape, like in many of Ireland’s west coast and upland areas, is dominated by blanket peat 
soils, followed by poor to medium mineral soil, which are often wet or shallow (Table 55). The forest 
and landscape had similar soil distributions, indicating that forests have been established all over the 
landscape. Blanket peat soils are mainly found in the central uplands of the CSA as well as the north 
and north-west, while mineral soils are typically found on lower elevations along Galway Bay to the 
south, and along Lough Corrib in the north-east and east. 

  



106 
 

Table 55. Occupancy of Irish Forest Soil types in the CSA forest and CSA landscape 

IFS code Soil Forest % Landscape (%) 

AminSRPT Peaty podzols/Lithosols 9.09 14.11 

BktPt Blanket peat 82.00 71.54 

AminDP Gleys 0.16 0.64 

AminDW Lithosols/Regosols 1.17 2.70 

AminSW Renzinas/Lithosols 5.04 1.90 

BminDW Brown earths 0.92 2.03 

AminSW Brown podzolics 0.79 2.19 

Cut Cutaway bog 0.76 4.11 

AlluvMin Alluvium 0.03 0.14 

BminPDPT Peaty gleys 0.02 0.63 

Made Man-made soils 0.02 0.01 

 

3.1.5 Ownership (ALTERFOR model Theme 8) 
The CSA forest is mainly owned by the state forestry board, Coillte, at 81.1% of the total forest area. 
At just 18.9%, the proportion of private forests in the CSA is considerably lower than the national 
average at 47%. The grant aided private forest make up 14.0% the forest landscape and this land was 
planted since the early 1980s. However, between 2000 and 2016, there have only been 26.5 
hectares of private afforestation in the CSA. The difference, 4.9% consists non-grant aided of 
privately forests that largely pre-dates the 1980. The unknown broadleaves make up a large portion 
of the non-grant aided private forest.  

3.1.6 Thin status (ALTERFOR model Theme 9) 
Most of the CSA forests were unthinned (Figure 25) and will most likely remain unthinned in the 
future. Since thinning operations do not result in as many tops and branches to use in brash matts, 
compared to clearfelling, heavy machines often have great difficulty operating on the blanket peat 
soils, causing damage to the peat soil. Soil damage cause peat soils to become unstable following 
thinning, increasing the risk for windthrow in the stand. Thus, thinning is usually avoided on blanket 
peat soils (Clarke, 2016). The CSA is also subject to strong winds due to its proximity to the Atlantic 
Ocean which increase the risk of windthrow, especially after the stand is opened up following 
thinning (see section 2.9.4, Regulatory – Windthrow risk). 
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Figure 25. Area of the forests in the CSA, by thin status 

3.1.7 Elevation (ALTERFOR model Theme 10) 
The Barony of Moycullen has a low overall elevation: 75.9% of the landscape is between 0 and 100 m 
above sea level, and only 3.9% is above 201 m. Even though a large proportion of the forest was 
located at the lower elevation range (50.2% of the forest in the range 0-100 m), there was 
disproportionally more forest at higher elevations (8.9% above 201 m) (Figure 26). Compared to 
much of Europe, strong winds and exposure severely limit the elevation range at which trees can be 
planted and commercially grown in Ireland, especially in the west of Ireland.  

 

Figure 26. Proportions of the forest and landscape in the CSA, by elevation ranges. 

3.1.8 Status (ALTERFOR model Theme 11) 
The status theme was used to track various silvicultural, managerial, and environmental statuses of 
forest stands and other land-uses throughout the planning horizon. For instance, initially, 90.0% of 
the forest area was marked as existing forests, 6.6% were potential buffers (i.e. not yet converted to 
buffer zone), 1.8% was Native Woodland Site (NWS), 1.0% was existing buffer (i.e. already converted 
to buffer zone), and 0.6% was clearfelled. 
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3.1.9 Stand types (ALTERFOR model Theme 18) 
Theme 18 was unused in the ALTERFOR model, but the assignment of this theme gives a better 
overview of the initial species mixtures, rather than looking at the area occupied by species 1, 2, or 
3, or whether the primary, secondary, and tertiary forest species were conifers or broadleaves. Just 
over half of all stands were monocultures (Table 56); however, species proportions (Figure 23) 
shows that the secondary and tertiary species occupied a very small area. Additionally, most 
secondary species were either Sitka spruce in a lodgepole pine dominated stand or lodgepole pine in 
a Sitka spruce dominated stand.  

Table 56. Forest stand types by dominant tree type and subordinate tree type 

Type Area (%) 

Conifer monoculture 45.99 

Conifer with other conifers 32.07 

Conifer with broadleaves 6.77 

Conifer with conifer and broadleaf 8.71 

Broadleaf monocultures 4.38 

Broadleaf with other broadleaves 1.36 

Broadleaf with conifers 0.29 

Broadleaf with conifer and broadleaf 0.43 

 

3.1.10 FMM area 
Categorising the forest area into FMMs (see section 2.8 Forest Management Models) was useful to 
describe the forest in terms of management objective, species composition and harvesting system. 
The forest in 2016 was dominated by Sitka spruce (either in monocultures or mixtures) and 
lodgepole pine (Table 57). Broadleaf FMMs were split between CCF (predominantly Coillte owned 
broadleaves), Commercial felling (private broadleaves), Native Woodland Sites, and unknown 
broadleaves (insufficient data for modelling in the ALTERFOR model). Broadleaf FMMs only occupied 
7.6% of the forest landscape, which is much lower than the national average. Some explanation is 
necessary on why there are large differences between FMM areas and Theme 18 – stand types. 
FMM 1 and FMM 5 were not true monocultures: FMM 1 included Sitka spruce monocultures and 
Sitka spruce stands with lodgepole pine as secondary species. Similarly, FMM 5 included lodgepole 
pine monocultures and lodgepole pine stands with Sitka spruce as secondary species. FMM 4 Diverse 
conifer included any diverse conifer monoculture or diverse conifer dominated mixture. Some 
diverse conifer stands were classified as FMM 7 if they were Scots pine dominated stands and 
classified as NWS. This illustrates that the FMM concept can be useful and add detail when 
categorising forests, compared to just looking at the species mixtures in general. 
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Table 57. FMMs and their proportions of the forest landscape in 2016 

FMM Category 
FMM Name % of forest area in 2016 

Clearcutting 
conifer 

FMM 1  
Sitka Spruce monoculture 

38.9 

FMM 2 
Sitka Spruce with diverse conifer mix 

7.9 

FMM 3 
Sitka Spruce with broadleaf mix 

13.9 

FMM 4 
Diverse conifer 

4.0 

FMM 5 
Lodgepole pine 

24.6 

Nature 
conservation and 
biodiversity 
protection 

FMM 6  
Watercourse and road buffer zone 

0.6  

FMM 7 
Native Woodland Site 

1.9 

Broadleaf 
forestry 

FMM 8 CCF broadleaf  1.9 

FMM 9 Commercial felling 0.3 

Private broadleaf – unknown species 3.5 

Cleared land Clearfells, burned, long-term unplanted 2.5 

 

3.1.11 Forest age 
The forest was dominated by stands planted between 1974 and 2000 (aged 16-40 in 2016) (Figure 
27). Some of the younger stands in this group are 2nd rotation forests, originally established in the 
1950s and 1960s. Very little afforestation has been done in the CSA in recent years. Thus, there was 
a very uneven age distribution which will affect the harvesting rates over the planning horizon. 
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Figure 27. Forest area by age. Note that the x-axis is not continuous after the value 67. 

3.2 Methodology 
The ALTERFOR model, that was explained in detail in the previous chapter, was designed to 
maximise Net Present Value (NPV) from mill gate sales, but the objective function can easily be 
changed to minimise or maximise any other output produced by the Forest Management Decision 
Support System (FMDSS). Woodstock is intended for long-term strategic planning, which means the 
level of detail in the model must be a compromise between relevant detail and computing power 
(Nelson & Davis, 2002). The remainder of this chapter focuses on the methodology used to assess 
the ES indicators over a long planning horizon and the potential trade-offs between ES indicators. 
From this point on, ALTERFOR model scenarios are referred to as runs in this chapter to avoid 
confusion between modelled min/max scenarios and global scenarios. 

3.2.1 Biophysical limits and ALTERFOR model runs  
This section focuses on the biophysical limits of ES indicators that the forest landscape could provide 
and on assessing trade-offs between ESs and ignores non-forest land-uses. The linear programming 
model used in this study only contains one ES output in its objective function. Based on the objective 
function, linear programming software (or solver, in this case MOSEK) evaluates all potential forest 
managerial options. All potential options and their outputs are referred to as the solution space, 
which is limited by the constraints (see section 2.1 Linear programming in Woodstock and the 
ALTERFOR model), eligible forest management actions, and the development of the forest. The 
solution space is defined by the mathematical programming system matrix, and the solver 
determines which solution has the highest or lowest value, based on whether the linear 
programming objective function was to maximise or minimise a value.  

Just like the core ALTERFOR model described in Chapter 2, most forest management planning work 
that utilises linear programming has a financial objective function. The financial objective function of 
maximising NPV will be used in the following chapters, but ES indicator outputs will also be included 
to assess the wider impact of each global scenario on the forest landscape. In this chapter, the 
ALTERFOR model will be modified to investigate the biophysical limits of the forest landscape to 
provide ESs by optimising each ES indicator (and NPV), one at a time. The ES indicator limits were 
found by changing the objective function from maximise each ES indicator to minimise each ES 
indicator - this was done using the Woodstock scenario function. When running a maximising or 
minimising run, the linear programming software finds the optimal value by summing all annual 
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values for the defined ES over the planning horizon. The optimisation objective function used for the 
maximising and minimisation runs is presented in Eq. 35, and subject to the constraints in Eq. 2-6. 

𝑀𝐴𝑋

𝑀𝐼𝑁
 𝐸𝑆𝑥 =  ∑ ∑ ∑ (𝑣𝑝,𝑑,𝑖 ∗  𝑥𝑝,𝑑,𝑖)𝑃

𝑝=1
𝐷
𝑑=1

𝐼
𝑖=1       (35) 

subject to: 

 ∑ 𝑥𝑝,𝑑,𝑖
𝑃
𝑝=1 ≤  𝐷𝑣𝑡𝑦𝑝𝑑,𝑖 , 𝑓𝑜𝑟 𝑑 = 1, … , 𝐷, 𝑖 = 1, . . . , 𝐼   (2) 

∑ 𝑥𝐶𝑙𝑒𝑎𝑟𝑓𝑒𝑙𝑙,𝑑,𝑖
𝐷
𝑑=1 ≤ 300, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼    (3) 

∑ 𝑥𝑝,𝑈𝑝𝑙,𝑖
𝑃
𝑝=1  = 0, 𝑓𝑜𝑟 𝑖 = 100    (4) 

∑ (𝑥𝐵𝑧𝑝𝑙,𝑑,𝑖 − 𝑥𝐵𝑧𝑝𝑜𝑡𝑐𝑓,𝑑,𝑖−1)𝐷
𝑑=1 = 0, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼   (5) 

∑ (𝑥𝐹𝑖𝑟𝑠𝑡𝑇ℎ𝑖𝑛,𝑑,𝑖 − 𝑥𝑃𝑟𝑒𝑇ℎ𝑖𝑛,𝑑,𝑖−1)𝐷
𝑑=1 = 0, 𝑓𝑜𝑟 𝑖 = 1, . . . , 𝐼   (6) 

where 𝑀𝑎𝑥 or 𝑀𝑖𝑛 indicates whether the run’s objective function was to maximise or minimise; 𝐸𝑆𝑥 

refers to Ecosystem Service indicator 𝑥, which are listed in the bullet points below; 𝑖 is the index for 
period, up to the final period I in the planning horizon, i.e. 100; d is the index for dvtyp, and counts 
towards the final dvtyp D; p is the index for treatment and counts towards the final treatment P, 
where no action is also considered a prescription; vp,d,i is the objective function value corresponding 
to ESx when prescribing treatment p to dvtyp d in period 𝑖; and xp,d,i is the decision variable for 
prescribing treating p to dvtyp d in period Dvtypd,i is the total area of dvtyp d in period i; xClearfell,d,i is 
the clearfelled area in period i; xp,upl,i is the unplanted area in period i; xBZpl,d,i is the area of buffer 
zone established on dvtyp d in period i; xBZpotcf,d,i-1 is the area of potential buffer zone clearfelled on 
dvtyp d in period i-1; xFirstThin,d,i is the area of conifers thinned for the first time on dvtyp d in period i; 
xPreThin,d,i is the area of conifers selected for first thinning on dvtyp d in period i-1. The model 
objective was to maximise The model objective was to maximise NPV, but in a few model runs the 
model objective was to maximise the area of a forest type (in section 5.4.2), instead of a value such 
as NPV. In these runs the decision variable was simply the existing area of the forest type in the 
period, which was limited by the existing area of that forest type in the period, rather than the area 
of dvtyp treated with a prescription on the period. 

After maximising and minimising one ES indicator, the potential range for that ES indicator was 
determined, while the values of all other ES indicators were also noted. Thus, not only were the 
biophysical limits of each ES indicator identified, but also the trade-offs between ES indicators, 
indicating incompatible and compatible ESs. This method was not an exhaustive or complete analysis 
of trade-offs between ESs because several of the ES indicators could not be optimised. Woodstock 
cannot maximise or minimise an output that is multiplied or divided, e.g. the share of broadleaves 
(standing broadleaf volume divided by total standing volume) or P emission ha-1 (total P emissions 
divided by area). In these cases, the total value was optimised, and this was divided by the total 
forest area post-optimisation. Additionally, the RAFL-index was calculated outside of Woodstock by 
performing additional calculations and bringing several factors together. Thus, the RAFL-index was 
the only ES indicator that could not be optimised. The maximum and minimum values of the 
following seven ES indicators were determined using the BAU scenario, resulting in a total of 14 
scenarios: 

• Net Present Value, although not an ES, it was the variable upon which the ALTERFOR core 
model operated and, indeed, so does much of Irish forestry. Since annual NPV can fluctuate, 
the value that was optimised, and how the output was presented, was NPV in million €, 
discounted to the year 2016. 

• Harvested timber volume includes the total harvest volumes of sawlog (small and large), 
pulpwood (stake and pulpwood), and firewood, from commercial thinnings, continuous 
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cover forestry thinnings, and clearfells. This ES indicator was considered relevant as 
maximum/minimum harvest volume does not equal maximum/minimum NPV. The output 
was presented as the cumulative harvested volume in million m3. 

• Carbon maximisation and minimisation involved the sum of all carbon stocks: stand living 
carbon, deadwood carbon, harvested wood products, substitution, and carbon emissions 
from drained forest peatlands. The ALTERFOR carbon output was presented as tonnes 
carbon per hectare of forest over the entire planning horizon. 

• Regulatory services were maximised and minimised based on the total windthrow risk score 
for all forest areas over the planning horizon. This total score was then divided by the forest 
area and presented as the average windthrow risk score per hectare of forest. 

• Biodiversity ES indicators include several outputs that indicate the biodiversity status of a 
forest. The Biodiversity ESs were maximised and minimised for broadleaf volume over the 
planning horizon, which served as an indicator for a good biodiversity status. The presented 
value was broadleaf volume per hectare over the planning horizon. 

• Water quality was evaluated based on maximising and minimising the total P emissions 
from forest lands. The output was presented in kg P emitted per hectare per year, over the 
total planning horizon. 

• Cultural ES indicator were impossible to optimise since the RAFL-index was calculated based 
on several outputs that were weighted into an average score post-optimisation. However, 
the Hemeroby index was chosen as an appropriate representative output for the cultural ES 
indicator. The Hemeroby index (or deviation from natural vegetation state) was assigned 
lower values for more natural areas (native species, buffer zones, etc., see section 2.9.7). To 
achieve as high a RAFL-index as possible, the Hemeroby index had to be minimised, as this 
would represent the most natural forest landscape. While the objective function was set to 
minimise Hemeroby index, almost no clearfelling was scheduled by the ALTERFOR model, as 
clearfelling was the main forest management action that negatively affected the RAFL-index. 
Clearfelling increased harvest residue, reduced average forest age, and increased mean stem 
number (from reforestation) – factors that all negatively affected the RAFL-index. When 
minimising the Hemeroby index, some clearfells were necessary in order to establish FMMs 
with a lower Hemeroby index, e.g. buffer zones, broadleaf stands, and NWS establishment. 

3.3 Results: Upper and lower limits for individual Ecosystem Services  
From this point on, minimising runs are referred to as min, and maximising runs are referred to as 
max. Average annual ES indicator values over the planning horizon are presented at the end, in  
Table 61. 

3.3.1 ALTERFOR model runs 
The model was run 14 times: one max and one min run for each ES indicator (Table 58). The model 
runs used the same constraints as the core ALTERFOR model developed for analysing global scenario 
impacts, but only the BAU scenario was used for the min and max analyses (i.e. neither climate 
change nor dynamic assortment prices were included). A preference, more or less, was assigned to 
each ES indicator to show whether providing more or less of that ES would result in a general 
improvement or reduction in human well-being, i.e. the very definition of ESs (Reid et al., 2005). This 
preference was assigned purely based on that ES indicator’s impact on human well-being and 
ignored any secondary impacts that ESs might have. For example, more NPV improves human well-
being, thus the preference is for more NPV. This preference assessment looks only at NPV and 
ignores any secondary negative impacts that increasing NPV might have on other ES indicators, such 
as a reduction in landscape amenity as a result of clearfelling, a reduction in the volume of large 
diameter trees, and increased P emissions. The min and max runs were used to determine ES 
indicator ranges and the midpoints of these ranges were used as thresholds. The thresholds were 
used to determine whether adequate supplies of an ES indicator were provided when minimising 
and maximising all the other ES indicators. Thus, if it was more difficult to achieve adequate supplies 
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of certain ES indicators when minimising and maximising the other ES indicators, it can be expected 
that there is a trade-off between them. With the exception of NPV, matrix build times, solve times 
and total run times were very similar for all ES indicators. The carbon runs did have a slightly longer 
matrix build time and solve time, but overall, this did not affect the total time to run the carbon min 
and max runs. NPV was the ES indicator with the longest matrix build time; this was mainly due to 
the complex calculations required to find the solution space for NPV. Timber prices and harvesting 
costs vary with species and average tree size, transport costs vary by species, and reforestation costs 
also vary by species, resulting in substantial computations to calculate the NPV of harvesting a dvtyp 
in a period. 

Table 58. ALTERFOR runs to find ES indicator limits using maximum (max) and minimum (min) in the objective function for 
indicators related to various ESs. The preference for more or less of an ES indicator was based solely on whether more (max 
run) or less (min run) of that ES indicator improved or reduced human well-being, ignoring secondary ES indicator impacts. 
Included are matrix build time (hour: minute: second), solve time (hour: minute: second), and total run time (hour: minute: 
second), the number of potential actions, and the number of scheduled actions. The total run time including scanning of 
yields, generating the matrix, solving, saving the schedule, yields, and outputs, causing it to be longer than the combined 
matrix build and solve times 

Run ES indicator Preference for ES 
indicator  

Matrix 
build  

Solve 
time  

Total run 
time 

Potential 
actions 

Scheduled 
actions 

max_NPV NPV More 01:53:24 00:00:28 03:26:53 1,595,514 4,854 

min_NPV NPV Less 01:53:15 00:00:34 03:26:28 1,595,514 5,740 

max_harvvol Timber More 00:28:29 00:00:34 01:45:26 1,595,514 9,676 

min_harvvol Timber Less 00:27:40 00:00:22 01:18:56 1,595,514 228 

max_carbon Carbon More 00:42:51 00:01:20 01:58:33 1,595,514 858 

min_carbon Carbon Less 00:42:32 00:01:16 01:54:37 1,595,514 8,758 

max_windrisk Regulatory More 00:31:54 00:00:36 02:04:37 1,595,514 7,913 

min_windrisk Regulatory Less 00:31:51 00:00:46 02:05:19 1,595,514 7,065 

max_broadleaf_vol Biodiversity More 00:28:29 00:00:24 01:20:07 1,595,514 1,674 

min_broadleaf_vol Biodiversity Less 00:28:16 00:00:26 01:38:05 1,595,514 1,452 

max_P_emission Water Less 00:32:01 00:00:48 02:06:21 1,595,514 9,985 

min_P_emission Water More 00:31:56 00:00:36 02:04:09 1,595,514 882 

max_ Hemeroby Cultural Less 00:32:00 00:00:44 02:05:42 1,595,514 6,192 

min_ Hemeroby Cultural More 00:31:58 00:00:36 02:04:39 1,595,514 2,750 

 

3.3.2 NPV 
The values of NPV (see section 2.9.1) obtained for the runs differed greatly. Max_NPV resulted in a 
NPV (i.e. the sum off all future revenues minus costs and standing volume value, discounted to the 
year 2016) of around €16.69 million over 100 years (Figure 28). The second highest NPV was 
achieved for max_harvvol, at €11.18 million, while max_P_emission had the third largest NPV at 
€6.69 million. The min_NPV run produced an NPV of - €4.48 million. Most other scenarios had an 
NPV of less than €2.66 million.  

During the initial trials, pulpwood and sawlog volumes were each maximised separately in their own 
runs. These results are not presented in detail, but the pulpwood maximisation resulted in an NPV of 
€3.60 million and the sawlog maximisation in an NPV of €11.06 million, meaning that the 
max_harvvol run outperformed both the pulpwood and sawlog maximisation runs in terms of NPV.  
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Figure 28. NPV over the 100-year planning horizon for the maximisation and minimisation runs for the seven Ecosystem 
Services. 

3.3.3 Timber 
Cumulative harvested timber volumes (see section 2.9.2) were almost identical for the max_harvvol 
and max_P_emission runs, with values of 5.98 million m3 and 5.14 million m3, respectively (Figure 
29). Min_carbon and min_windrisk risk also resulted in near identical total harvest volumes. 
Max_NPV and max_Hemeroby were very similar in total harvest volumes, both producing around 
3.27 million m3 of wood over the 100 years. The max_windrisk, max_carbon, min_broadleaf_vol, and 
min_P_emission runs all resulted in less than 0.44 million m3 being harvested, and the min_harvvol 
run resulted in no timber being harvested. 

 

Figure 29. Cumulative harvested timber volumes (in million m3) for the 14 runs. 

3.3.4 Carbon 
The carbon stock per hectare (see section 2.9.3) over the planning horizon was highest in the 
max_carbon run, followed by the min_broadleaf_vol, min_harvvol, and max_windrisk runs (Figure 
30), while the min_carbon, max_P_emission and max_harvvol runs resulted in the lowest carbon 
stocks. The carbon stock per hectare in max_NPV was somewhere in the middle throughout the 
planning horizon. The smallest average annual carbon stock over the 100-year planning horizon 
never went below 86.3 tonnes ha-1 for min_carbon, and the largest average annual carbon stock for 
max_carbon was 176.5 tonnes ha-1. 
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Figure 30. Carbon stocks in tonnes ha-1 in the CSA over the planning horizon for the 14 runs. 

3.3.5 Regulatory – Windthrow risk  
Windthrow risk (see section 2.9.4) was optimised for the sum of windthrow risk of all forest stands in 
all periods in the planning horizon. Windthrow risk was maintained at similar, high levels for 
max_windrisk, max_broadleaf_vol, max_carbon, min_P_emission and min_broadleaf_vol, while 
min_Hemeroby reached equally high windthrow risk as the end of the planning horizon (Figure 31). 
The abovementioned runs all involved little or no harvesting and the average stand had around 80% 
chance of experiencing critical windthrow at the end of the planning horizon. Windthrow risk was 
lowest for max_harvvol, max_P_emission, min_carbon and min_windrisk, with the average stand 
ending with around 25% windthrow risk. Max_NPV resulted in a medium windthrow risk. 

 

Figure 31. Average windthrow risk probability ha-1 in each year over the planning horizon for the 14 runs. 

3.3.6 Biodiversity 
The highest broadleaf volume ha-1 (see section 2.9.5) in a single year was achieved with the 
max_broadleaf_vol and min_Hemeroby (i.e. maximising natural aspects of the forest landscape) 
runs, peaking just above 9.4 m3 ha-1 and 9.1 m3 ha-1, respectively, in the final year of the planning 
period (Figure 32). These two runs also had the highest broadleaf volumes per hectare throughout 
the planning horizon. Max_windrisk, min_P_emission, and min_harvvol achieved higher broadleaf 
volume than other runs, at 5.3-5.9 m3 ha-1 in the final year. In the remaining nine runs, the broadleaf 
volume reached values between 3.4 m3 ha-1 and 4.7 m3 ha-1 in year 2116. Many runs had sharps 
declines in broadleaf volume around year 2040, max_windrisk had a sharp decline around year 2065, 
and min_NPV had a decline around year 2114. These declines were caused by the objective function 
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which prioritized removing broadleaf stands in order to maximise the objective in each respective 
run.  

  

Figure 32. Broadleaf volume in m3 ha-1 for the 14 runs. 

3.3.7 Water quality 
Water quality (see section 2.9.6) was evaluated on kg P emitted from the forest landscape in the CSA 
and did not account for P emissions from other land-uses, since the P emissions could only be 
changed for forest land-uses, and afforestation was not included in the model. The difference 
between the lowest and the highest total P emission over the 100-year planning horizon was 41,781 
kg, with 601,273 kg total P emission in the max_P_emission scenario, and 559,492 kg total P 
emissions in the min_P_emission scenario (Table 59). P emissions varied with the clearfelling area 
and thus the ranking reflects differences in clearfelling intensity between runs. Min_windrisk, 
min_carbon, and max_harvvol all resulted in high P emissions, with emission levels in the max_NPV 
run falling between those for the min_P_emission and max_P_emission runs. 
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Table 59. P emission for the 14 max and min runs. The max/min_P_emission runs were optimised for total P emissions from 
forest land in all periods over the planning horizon. P emission was evaluated for forested land as the total emission over 
the planning horizon in kg, yearly average in kg year-1, total emission over the planning period per area in kg ha-1, and 
yearly average emission in kg ha-1 year-1 

Scenario Total (kg) Yearly average (kg 
year-1) 

Total (kg ha-1) Yearly average (kg ha-1 
year-1) 

max_NPV 577,081 5,771 58.3 0.583 

min_NPV 588,842 5,888 59.5 0.595 

max_harvvol 594,956 5,950 60.1 0.601 

min_harvvol 559,598 5,596 56.5 0.565 

max_carbon 561,310 5,613 56.7 0.567 

min_carbon 561,670 5,617 56.7 0.567 

max_windrisk 586,230 5,862 59.2 0.592 

min_windrisk 566,688 5,667 57.3 0.573 

max_broadleaf_vol 561,952 5,620 56.8 0.568 

min_broadleaf_vol 598,290 5,983 60.4 0.604 

max_P_emission 601,273 6,013 60.7 0.607 

min_P_emission 559,492 5,595 56.5 0.565 

max_Hemeroby 562,533 5,625 56.8 0.568 

min_Hemeroby 566,688 5,667 57.3 0.573 

 

3.3.8 Cultural 
Minimising the Hemeroby index (see section 2.9.7) did not produce very low levels, at 0.92 between 
2040 and 2116 in the min_Hemeroby run – a value of 0 would mean that all forest was considered 
natural, a value of 1 would mean the all forests were far from natural, e.g. exotic monoculture 
(Figure 33). The max_Hemeroby run reached an index value of 0.97, and most other run values were 
between 0.97 and 0.94. When calculating the RAFL-index, the min_Hemeroby run produced a peak 
value of 0.78 and this run maintained a high RAFL-index throughout the second half of the planning 
horizon (Figure 34). The RAFL-indices for max_Hemeroby, max_NPV, and max_P_emission runs did 
not change much over the planning horizon, with their RAFL-indices falling between 0.35 and 0.44 in 
the final year.  

 

Figure 33. Average Hemeroby index ha-1 for the 14 runs. A high Hemeroby index indicated that the forest landscape was 
further away from its natural state, although still forested. 
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Figure 34. RAFL-indices over the planning horizon for four runs - min_Hemeroby, max_Hemeroby, max_P_emission and 
max_NPV. 

3.3.9 ES indicator trade-offs  
Comparing the ES indicators graphically only reveals certain patterns in ES indicator trade-offs and 
evaluating the provision of an ES indicator at either the start year, final year, or any year in between 
only shows the provision at that point in time. Analysing the provision of ES indicators in each min 
and max run was based on the average provision of that ES indicator over the 100-year planning 
horizon (Table 60). The ES indicator range that the biophysical landscape can provide was 
determined by the values obtained from the min and max runs for that ES indicator. This ES indicator 
range was divided in half to determine the threshold value that was used to evaluate if the supply of 
that ES indicator in the other min and max runs was considered adequate (e.g. was supply of 
harvested volumes in max_P_emission closer to the min_harvvol or max_harvvol run etc.). Colours 
are used to highlight whether more supply of each ES indicator in each run reached the adequacy 
level. The preference to be below or above the threshold was based on whether more of less of the 
ES indicator contributed to human well-being (Table 61). Since 14 runs were involved, it was 
expected that adequate ES indicator values could not be reached in more than seven of the runs for 
each ES indicator. The analysis showed that adequate levels of broadleaf volume was the most 
difficult ES indicator to achieve, with only two runs having an adequate supply of broadleaf volume. 
NPV had the second lowest desirable ES indicator supply over the 14 runs, with the supply reaching 
the threshold in only three runs. A low Hemeroby index (i.e. a natural forest landscape) was the third 
most difficult ES indicator to supply, with adequate supply levels in five runs. Other ES indicators 
reached adequate supply levels in roughly half of the runs. The maximisation runs resulted in 19 
adequate ES indicator supply levels, and the minimisation runs in 18 adequate outcomes. Out of all 
the 14 runs for the seven ES indicators, adequate ES indicator provision levels were reached in 37 of 
the 98 cases. 
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Table 60. Average annual values over the planning horizon and the range between minimising and maximising, for each of 
the seven ES indicators. The threshold was calculated from the range mid-point and the individual preferences for more or 
less supply of the indicator 

 
NPV Harvvol Broadleaf_vol P_emission Windthrow Carbon Hemeroby index 

Average when 
minimising 

-44,768.4 0.0 28013.4 0.566 0.307 86.3 0.923 

Average when 
maximising 

166,932.2 59873.0 63625.6 0.608 0.735 176.5 0.969 

Range  211,700.7 59873.0 35612.3 0.042 0.428 90.2 0.046 

Threshold 61,081.9 29936.5 45819.5 0.587 0.521 131.4 0.946 

Preference More More More Less Less Less More 

  
Table 61. Average annual ES indicator values in the runs. The rows represent the individual runs, and the columns indicate 
the impact of the objective of each run on the other ES indicators. The cells are colour-coded green for improved preference 
and red for disimproved preference, depending on whether the indicator achieved the threshold presented in Table 60. The 
counts of improved outcomes for maximisation runs, minimisation runs and all runs combined are also included. The Total 
column count the improved outcomes for each individual run 

Run NPV Harvvol Broadleaf_vol P_emission Windthrow Carbon Hemeroby 
index 

Total 

max_NPV 166,932.2 32,770.4 32,673.5 0.583 0.550 124.7 0.949 3 

max_harvvol 111,774.5 59,873.0 31,468.9 0.602 0.421 110.6 0.945 4 

max_broadleaf_vol 25,623.9 2,230.5 63,625.6 0.568 0.704 165.3 0.948 3 

max_Hemeroby 26,076.3 32,654.9 28,863.1 0.593 0.520 130.2 0.969 2 

max_windrisk 38,103.3 4,311.5 42,845.4 0.568 0.735 165.3 0.959 2 

max_P_emission 66,964.0 51,429.4 30,748.0 0.608 0.356 95.9 0.947 3 

max_carbon 5,539.0 2,290.1 36,205.4 0.569 0.682 176.5 0.961 2 

min_NPV -44,768.4 32,190.7 42,029.2 0.595 0.400 120.7 0.942 3 

min_harvvol 18,671.9 0.0 42,826.7 0.566 0.718 172.7 0.961 2 

min_broadleaf_vol 26,644.6 2,601.6 28,013.4 0.568 0.707 167.7 0.965 1 

min_Hemeroby 17,098.5 9,023.6 61,005.2 0.573 0.619 146.9 0.923 4 

min_windrisk 13,083.7 44,169.0 33,139.9 0.605 0.307 91.9 0.941 3 

min_P_emission 20,060.7 342.3 43,962.6 0.566 0.715 169.9 0.951 2 

min_carbon 13,972.1 43,844.7 31,414.7 0.606 0.328 86.3 0.940 3 

Total improved,  
max runs 

3 4 1 4 3 3 1 19 

Total improved, 
min runs 

0 3 1 3 3 4 4 18 

Total improved, 
both 

3 7 2 7 6 7 5 37 

 

3.3.10 Constraints to achieve multiple ESs objectives 
The analysis provided an indication that NPV and broadleaf volume were the two ES indicators most 
difficult to produce preferred outcomes for (Table 61, last row). Additionally, no run achieved 
preferred outcomes for both the NPV and broadleaf volume ES indicators. The analysis so far only 
provided an indication of ES trade-offs since the runs were focused on the extremes of management, 
i.e. optimising individual ES indicators. To investigate whether it was possible to achieve preferred 
supplies for a combination of some of these indicators, three additional runs where modelled where 
the objective was to maximise NPV with different constraint sets to achieve preferred supplies of 
biodiversity related indicators. These three runs also maintained the core model constraints (i.e. that 
stands selected for thinning are thinned, that clearfell area does not exceed 300 ha in any year, that 
clearfelled potential buffers are established as buffers, and that there was no unplanted forest area 
present in the last period). The three runs, including their biodiversity constraints were:  
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1) max_NPV_broadleaf_vol: achieve species-specific broadleaf volume equal to the species-
specific broadleaf volumes obtained in the max_broadleaf_vol run in the final period of the 
planning horizon.  

2) max_NPV_Hemeroby: achieve an average Hemeroby index equal to that obtained in the 
min_Hemeroby run from period 35 until the end of the planning horizon. 

3) max_NPV_broadleaf_vol_Hemeroby: incorporates both of the above constraints. 

All three runs could be solved, meaning that the model was feasible. Matrix build times were not 
increased for these runs, but it took 7 min 38 sec, and 5 min 34 sec to solve the 
max_NPV_Hemeroby and max_NPV_broadleaf_vol_Hemeroby runs, respectively. The 
max_NPV_broadleaf_vol run only took 48 sec to solve and, for reference, the max_NPV run only 
took 28 sec to solve. The drastically increased solve times for the first two runs were due to the 
more complex nature of the constraints included, as mentioned previously in this chapter.  

The max_NPV run resulted in an NPV of €16.69 million, the max_NPV_broadleaf_vol run resulted in 
an NPV of €15.71 million, and the max_NPV_Hemeroby run resulted in an NPV of €14.37 million. 
Implementing the max_NPV_broadleaf_vol_Hemeroby run resulted an NPV of €14.05 million. Thus, 
the Hemeroby index constraint resulted in a larger reduction in NPV than the broadleaf volume 
constraint. 

3.4 Discussion 
3.4.1 Model run times in Woodstock 
The min and max runs had an equal to the number of potential actions, but the number of scheduled 
actions and the total run time differed between runs (Table 58). Unsurprisingly, the min and max 
runs that involved many clearfells and reforestations had more scheduled actions. For example, the 
high harvest intensity runs max_harvvol, max_WQ, and min_carbon had 9,676, 9,985, and 8,758 
scheduled actions, respectively, whereas the low harvest intensity runs min_harvvol, min_WQ, and 
max_carbon had 228, 882, and 858 scheduled actions, respectively. The ALTERFOR model had an 
age-window inside of which a dvtyp could be harvested (see section 2.6.4), and each potential 
harvest year resulted in a potential reforestation the following year, one for each eligible species, 
resulting in more potential future harvests, etc. In this fashion the number of potential actions 
nearly grew exponentially (Figure 35). The number of potential actions and future dvtyps affected 
the matrix build time, especially if the objective function value required complex computations to be 
carried out (Snyder et al., 1999). For example, in order to examine how much broadleaf volume the 
forest landscape could grow, the option to reforest with broadleaves had to be included on all 
eligible sites, even if Sitka spruce would always be chosen if the objective was to maximise NPV. The 
number of potential actions also depends on planning horizon, since stands can be subjected to 
more treatments if the horizon is longer (McDill et al., 2016). McDill and Braze (2000) report that 
forests with dominantly mature, or over-mature age class distribution at the start of the planning 
horizon increase total run times as a larger number of harvests can be scheduled early, resulting in 
an extra rotation over the planning horizon. Additionally, outputs based on inventory yields can 
cause longer matrix build times, since Woodstock must calculate these ES outputs for all dvtyps in all 
periods, compared to outputs that are only calculated in the year that the associated actions take 
place (Corrigan, 2016). However, in the ALTERFOR model this was a minor aspect of model build 
time since the complex NPV calculations added far more matrix build time. The ALTERFOR model 
runs only used small number of constraints included but using multiple constraints can add 
considerable solve times in Remsoft, especially when working with spatial constraints (Nieuwenhuis 
& Williamson, 1993; McDill et al., 2016).  
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Figure 35. The columns in the bar chart represent potential actions in Woodstock. The dark bars (bottom of the bar graph) 
are potential actions on existing dvtyps, i.e. existing at the model start. Notice how the decrease as they planning periods 
increase. The lighter bars are potential actions on future dvtyps, and the jagged pattern around planning period 60 and 80 
show how compressed time (see section 2.2.10 Control section) reduce the number of potential actions on existing dvtyps. 
The pie chart represents the distribution of potential actions. 

3.4.2 Assessment of maximisation and minimisation of ES indicators 
Some groupings could be identified where min and max runs behaved largely similar and supplied 
comparable levels of all other ES indicators. The most notable of these groups consisted of the runs 
which included intensive harvesting: max_P_emission, max_harvvol, min_windrisk, and min_carbon, 
and another group of runs with almost no harvesting: min_P_emission, min_harvvol, max_windrisk, 
and max_carbon. The other runs produced results that sometimes were closer to those for one or 
the other of the abovementioned groups or fell somewhere between them. 

Perhaps one of more interesting runs was the min_NPV one, which, as a result of gross financial 
mismanagement of the forest estate, resulted in negative NPV of $4,476,844 over the planning 
horizon, and involved the harvest of almost as much wood as in the max_NPV run, achieving a 
desirable naturalness score, and almost reaching the preference threshold for broadleaf volume. The 
low NPV was mainly achieved by extensively planting of lodgepole pine on low-productivity blanket 
peat and clearfelling it at an early age, around 30 years old. Additionally, most mineral soil sites were 
planted with expensive combinations of broadleaf species. 

The description of the initial forest landscape condition, given in this chapter, will be crucial in 
interpreting the results on forest management and ES indicators when implementing global 
scenarios in the ALTERFOR model. Naturally, when implementing the global scenarios in the 
ALTERFOR model the ES indicator limits will change, especially the limits of NPV and harvest volume. 
When analysing these results, it should be noted that if the model constraints were changed or 
removed, or different policy constraints were utilised, ES indicator provision limits could be very 
different. The most important finding in this chapter is arguably Table 60, since it highlights the 
minimum and maximum ES indicator limits of the landscape while also showing the impact on the 
other ES indicators. When minimising ES indicators, NPV was the only ES indicators that could take 
on a negative value and harvest volume was the only ES indicators that could take on a value of zero. 
The other ES indicator values never went below zero, which they of course cannot do, based on their 
definition and the defined management actions in their model, which, for example, limit all 
broadleaves from being harvested. Both the extent of the ES indicator ranges and the values 
achieved in the runs for P emission and Hemeroby index were small. The issue with evaluating P is 
that the background levels of emission from existing forests (i.e. non-clearfelled forest) were 
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comparatively high, while there was a 300 ha limit on the area that could be clearfelled in any year, 
making the impact of P emission from clearfelling relatively small areas rather insignificant. 
Clearfelling tripled the emitted P from a harvested hectare for four years, which resulted in 7.4% 
more total P being released in the max_P_emission run than in the min_P_emission run, from the 
entire forest over the 100-year planning horizon. Whether the emitted P would actually significantly 
impact the ecological status of downstream rivers and lakes depends on water discharge rates, other 
diffuse and point sources of P in the landscape, which catchments were affected, the temporal 
distribution of the additional P, and the ecological threshold and current status of the waterbody 
receiving the additional P (Cummins & Farrell, 2003; Mockler et al., 2017). Some of these factors 
could be included in a Woodstock landscape management model, but others are much more difficult 
to capture, especially since most P is emitted from forests during heavy rainfall events (Rodgers et 
al., 2012).  

It was not possible to achieve large changes in the Hemeroby index by using minimising and 
maximising objective functions. The inability to either decrease or increase the Hemeroby index was 
due to state forest policy, Coillte policy, and the limiting soil conditions of the CSA landscape. 
Current policies mean NWS and Coillte broadleaf forests are ineligible for clearfelling, resulting in 
them not being replanted with exotic conifers, which would result in an increase in the Hemeroby 
index. On the other hand, it is also not practical to plant broadleaves or Scots pine on the vast, 
nutrient poor, blanket peat soils in the CSA, preventing a substantial reduction in the index from 
occurring (Horgan et al., 2003). Some broadleaf species and Scots pine could likely be planted and 
survive on blanket peat, but since they would not form fully stocked stands with commercial 
productivity they were not included as reforestation options on blanket peat. The absolute broadleaf 
volume or broadleaf volume per ha served as a better ES indicator than share of broadleaf volume. 
The indicator share of broadleaf volume can be artificially increased from heavy clearfelling of 
conifer stands, increasing the share of broadleaf volume but not the total broadleaf volume. 

The methodology used to assess the carbon ESs was a comprehensive, science-based method; 
however, the high carbon stocks in the max_carbon max_windrisk runs do require a closer 
investigation. Achieving the highest possible carbon stocks in the ALTERFOR model meant not 
clearfelling and letting large swaths of forests, mainly Sitka spruce, grow to be over 150 years old 
and ignoring carbon stored in HWP. Most of Ireland’s forest are heavily production oriented, and 
carbon stored in HWP provides a substantial positive contribution to Ireland’s greenhouse gas 
accounting (Green et al., 2006). When including HWP in forest carbon storage calculations, more 
carbon is stored by utilising wood for products with long storage lives, compared to storing carbon in 
unmanaged forests indefinitely (Cannell, 1999). Wind would likely cause endemic and catastrophic 
windthrow in unmanaged forests, resulting in decaying deadwood carbon and a loss of productivity. 
According to Irish national forest inventory data, stands made up of trees with greater DBHs 
experience disproportionally more windthrow, stems breakage and crown breakage, compared to 
the average degree of damage in the forest (Forest Service, 2013; Forest Service, 2017c). Thus, it can 
be assumed that the max_carbon scenario overestimated the amount of sequestered carbon stock 
in living biomass. Since soil type, elevation, and exposure are important factors in determining 
windthrow risk (Lynch, 1985; Miller, 1985; Ní Dhubháin et al., 2009), it is very unlikely that indefinite 
retention of coniferous blanket peat forests would result in a successful carbon storage strategy. 

Including windthrow and subsequent windthrow in the model is not simple and it would be difficult 
to reduce stand volume based on windthrow risk alone. Coillte’s Woodstock model included stocking 
reductions due to windthrow recorded in the forest inventory data, and these data are continuously 
updated as stands are inventoried, but they do not reduce stand stocking in the model based on 
potential future impacts of windthrow (Landy, 2018). The windthrow risk model only estimates the 
probability that at least 3% of the stems in a stand have been damaged by windthrow – but it makes 
no assumptions on the actual proportion of windblown trees (only that it is at least 3%, but not if the 
actually windthrow is 5%, 10%, or 20% etc.) or how a stand with high windthrow risk over 
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consecutive years would be affected. Assessing the windthrow risk for 150-year-old conifer stands is 
difficult, since reliable GROWOR yield tables cannot be produced for Sitka spruce and lodgepole pine 
for this age and the yield tables for conifers end at age 70. Additionally, the tallest stands used to 
validate the windthrow risk model were 29.5 m tall (Dhubhain et al., 2001), so it might produce 
unreliable results for trees that are 40-50 m tall, which would probably be the height of a 150-year 
old Sitka spruce (although it is doubtful if Sitka growing on blanket peat would reach such a height). 
Sitka spruce stands on blanket peat and gley have a 80% chance to have experienced windthrow 
damage at the height 22 m (Ní Dhubháin et al., 2009). Instead, the upper height limit at which 
clearfelling has to happen was set to the value associated with 100% probability of windthrow 
occurring in Sitka spruce stands on blanket peat soils, according to the windthrow risk model, and 
this also had the impact of limiting the maximum rotation age. The minimum and maximum 
clearfelling heights could be changed in the model, to potentially reduce the windthrow risk ES 
indicator. This might also result in fewer older stands and impacts on other ESs, and could be an 
interesting topic for future research, if the actual impact of windthrow can properly be included in 
the model. However, it was not mandatory for the ALTERFOR model to clearfell stands, especially 
when the objective function was not to maximise NPV or harvest volume. After all, no action is also a 
management option. Thus, many stands were allowed to grow beyond the age where reliable yield 
data existed. Monte Carlo simulation is often utilised in forest modelling to evaluate the potential 
impact of natural disturbances (Davis & Keller, 1997). A Canadian study that modelled the average 
annual forest area affected by wildfire found that Monte Carlo simulation resulted in highly 
imprecise estimates, even though long time series were available (Armstrong, 1999), and this might 
also be true for windthrow. However, Monte Carlo simulation can only be utilised in Woodstock 
models that use simulation, not linear programming (Walters, 1993). To properly include the impact 
of windthrow, it might be better to adjust the yield tables or include a mandatory windthrow action, 
where a certain percentage of the stands transition to having lower stocking. This method would 
utilise a generalised damage level which instead of the irregular nature of catastrophic windthrow 
events and individualised windthrow damage on a stand level (Scott & Mitchell, 2005). Further, 
spatial specificity where windthrow damage increase in stands adjacent to clearcuts or heavily 
windthrow affected stands would likely increase the accuracy in modelling natural disturbances 
(Seidl et al., 2009). Although, the linear programming optimisation would know when wind damage 
would occur, this might still be the best option to include wind damage to stands in a linear 
programming Woodstock model. Properly including the effects of disturbances would better project 
standing volumes and deadwood, which would impact harvesting actions, carbon storage and 
biodiversity (Verkerk et al., 2011). 
 
Depending on how unmanaged forests will be affected by a changing climate will also determine 
whether it is a better climate mitigation strategy to harvest forests: will biomass growth increase as 
a result of more atmospheric CO2 acting as a fertiliser of forests (Houghton et al., 2001), or will 
increased catastrophic windthrow events, pests and diseases, fire (La Porta et al., 2008), and 
increased decomposition rates cause these forests to become carbon sources. Cannell (1999) 
acknowledges that although indefinitely storing carbon in living trees increases the time to find 
other carbon storage and mitigation solutions, it does create a problem in that the reservoir of 
carbon can be released in the future through catastrophic events, and it limits future management 
of those forests. 

3.4.3 Multiple objectives 
Several tests were done on the max_NPV_broadleaf_vol, max_NPV_Hemeroby, and 
max_NPV_broadleaf_vol_Hemeroby runs before determining which periods the biodiversity 
constraints should be applied in. Applying the broadleaf volume constraints only in the final planning 
period and that the Hemeroby index constraint from period 35 might seem counterintuitive to 
achieving high biodiversity indicator values. However, to achieve the values defined in the 
constraints, the ALTERFOR model had utilise the entire planning horizon to plan ahead. Examining 
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the results showed that the species-specific broadleaf volumes were near identical for the 
max_broadleaf_vol, max_NPV_broadleaf_vol, and max_NPV_broadleaf_vol_Hemeroby runs over 
the planning horizon. The max_NPV runs with constraints on broadleaf volume, Hemeroby index, 
and both show that trade-offs occur between two or more ES indicators. The reduction in NPV can 
be used as an estimated cost of achieving the preferred level of the other ES indicators. These runs 
confirms the findings of Duncker et al. (2012) that modified forest management can have positive 
effects biodiversity at low costs. Biodiversity ES indicators, such as broadleaf volume and Hemeroby 
index (which measures inverted naturalness), are relevant measures since it has been established 
that increased biodiversity contributes to increases in many other ESs (Lefcheck et al., 2015), 
especially with regards to overall ecosystem multifunctionality rather than individual ESs (Hector & 
Bagchi, 2007; Gamfeldt et al., 2008). Although the blanket peat dominated study landscape is very 
limited in its ability to grow a wide range of trees, studies have found that even small increases in 
tree diversity contributes to increased ecosystem multifunctionality (Van Der Plas et al., 2016). This 
means that relatively minor management interventions could lead to an overall increases of 
ecosystem multifunctionality of Ireland’s western peatland forests. 

Landscape-level management planning includes both the spatial and temporal interaction between 
FMMs and forest management actions, as well as the involvement of multiple stakeholders, thus it is 
often the preferred and required scale when modelling and estimating the provision of multiple ESs 
(Marto et al., 2018). Linear programming can be a useful tool to find the maximum or minimum 
supply of an output or ES indicator in a forest landscape. However, using constraints in a linear 
programming model is not the best method to achieve preferred supplies of two or more outputs. 
Applying constraints to a linear programming model (as in the three modified max_NPV runs above) 
can often lead to instances where the constraints cannot be satisfied, resulting in infeasible model 
runs. This can result in a repetitive process where the constraint is relaxed and the model is rerun, 
and this goes on until a feasible solution can be found. Finding solutions that achieve preferred 
levels of multiple outputs can be done by using Goal Programming (GP) (Corrigan & Nieuwenhuis, 
2017). A GP objective function is to minimise the sum of all weighted deviations from user specified 
goals, with the goals being the preferred levels of various outputs or ES indicators (Nieuwenhuis, 
1989). The goals are weighted in order to balance them relative to each other, since outputs such as 
timber volume, biodiversity conservation area and NPV all come in different units and magnitudes, 
and since achieving a unit of one goal could be more preferred than not achieving a unit of another. 
The difficulty in assigning weights and goal values to the model has limited the application of GP in 
forestry (Nieuwenhuis, 1989). Corrigan and Nieuwenhuis (2017) suggests that goals could be set at 
appropriate levels by a panel of experts, or that a Pareto efficiency method could be used to show 
stakeholders and decision makers all possible provision levels of ES. If the issues related to 
determining goals and assigning weights can be overcome, multi-criteria GP techniques can be 
useful in finding multi-functional forest-landscape management plans, especially since sustainable 
forest management involves multiple objectives and multiple stakeholders (Aldea et al., 2014).  

Since the objectives of this study are to analyse the potential impacts on forest ESs from climate 
change and dynamic timber prices, rather than finding an optimal management schedule for the 
future that produces the best combination of ESs possible, GP was not be applied in the research 
reported in the following chapters. 

3.4.4 Spatial fragmentation and spatial adjacency 
The strategic ALTERFOR model does not include spatial constraints and does not take the spatial 
location of stands into account in the optimisation - all stands in a dvtyp are grouped and subject to 
the same management intervention. When bringing a strategic plan to the tactical or operational 
level, this lack of special specificity can cause practical problems and limit the usefulness of the 
optimal solution since spatial specificity must be considered as part of implementation of the shorter 
term plans (Nieuwenhuis, 1989). However, including spatial constraints in a strategic model can 
result in models that become extremely complex and too large to solve (Baskent & Keles, 2005). For 
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example, in the ALTERFOR model there is no consideration of the location of harvesting operations 
in any one year, resulting in forestry machines having to be frequently moved (Tiernan & 
Nieuwenhuis, 2005). Furthermore, ignoring the extent and location of specific areas with high 
biodiversity values can result in habitat fragmentation (Felton et al., 2017; Nordström et al., 2019), 
areas with high recreation potential may not be located around existing trails or common visitation 
areas, and large amounts of P emissions to a single stream can result in extreme ecological impacts 
at the local level. Thus, the solutions of these minimisation and maximisation runs would very likely 
be different if spatial aspects were incorporated in the ALTERFOR model. Spatial planning concerns 
all Chapters in this thesis, which is why spatial planning modules in Remsoft are discussed in section 
7.2.7 Spatial adjacency. 

3.5 Conclusion 
The limits of the ESs provision levels that a forest landscape can provide depend on the biophysical 
status of the landscape, the initial status of the forest, current policy, and eligible management 
actions. The work presented in this chapter was aimed at identifying the upper and lower limits for 
some ES indicators using the same objective function constraints that are used in the following 
chapters, where the supply of ESs in the CSA is analysed in the context of the global change 
scenarios. This chapter partially fulfilled research objective 2 (Include ESs indicators in the FMDSS to 
enable assessment of the long-term impacts of climate change and expanding bioeconomy on forest 
management, forest ecosystem services and forest landscape composition in Western Ireland.), in 
that the ES indicators were included in the FMDSS so that impacts on ESs could be assessed. Some 
trade-offs between multiple ES indicators were identified, especially between maximising NPV and 
achieving desirable levels of broadleaf volume. Indeed, desirable levels of the ES indicators NPV and 
broadleaf volume were the most difficult to reach in all runs. However, linear programming 
optimisation is not the best method to analyse the complex interactions between the ES indicators 
and to find the best possible combinations of ES provision levels.  



126 
 

4 Current Forest Management Models 
This chapter presents the results of running the ALTERFOR model with three global scenarios that 
involved both climate change and dynamic assortment prices and a Business As Usual (BAU) scenario 
for reference (Figure 36). The impact of the global scenarios was analysed on Forest Management 
Model (FMM) area and various Ecosystem Service (ES) indicators, including Net Present Value (NPV). 
Furthermore, the model was run with additional scenarios that only included the impact of either 
climate change or dynamic prices, to assess the impact of each external factor.  

 

Figure 36. Research work described in Chapter 5: Dark green colour, within the context of the entire thesis. The ALTERFOR 
model was run using the future global scenarios to evaluate forest ESs under each scenario when optimising for maximum 
NPV. 

4.1 Modelled scenarios and methodology 
Three global scenarios were modelled in the ALTERFOR model to analyse the impacts of external 
global factors on forest management in western Ireland. These three global scenarios were 
compared partially in comparison to the BAU scenario, using only current FMMs (cFMMs, as 
opposed to the alternative FMMs used in Chapter 6). Thus, four main scenarios were modelled: BAU, 
S1, S2, and S3. To further investigate how the two global factors, climate change and dynamic prices, 
can each be expected to impact the forest landscape, S1, S2, and S3 were modelled with climate 
change, but without dynamic prices, suffixed noDP. Similarly, S1, S2, and S3 were modelled with 
dynamic prices, but without climate change, suffixed noCC. So, in total 10 scenarios were analysed in 
the ALTERFOR model: 

• Main scenarios - BAU, S1, S2 and S3, with both climate change and dynamic price impacts. 
The impacts of these scenarios were analysed by focusing on FMM areas and all ES 
indicators. 

• No dynamic prices (NoDP) - S1, S2 and S3, modelled with climate change but without 
dynamic prices. The impacts of these scenarios were assessed only based on NPV, 
clearfelling area and harvested volume. 

• No climate change (NoCC) – S1, S2 and S3, modelled with dynamic prices but without 
climate change. As for the NoDP scenarios, the impacts of these scenarios were assessed 
based on NPV, clearfelling area and harvested volume. 
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The objective in all the above-mentioned scenarios was to maximise the NPV (revenues minus costs 
discounted to the year 2016) over the planning horizon. Constraints were included that limited the 
clearfell area in any one year to a maximum of 300 ha, and no unplanted clearfell sites were allowed 
to remain at the end of the last year of the planning horizon. Additionally, two constraints were 
included to force stands selected for thinning to be thinned, and to force potential buffer zones to 
be clearfelled and established as buffers. These constraints were included to make the assignment of 
actions syntax in the ALTERFOR model work as there was an initial action that assigned thinning start 
age to stands, then a second action that performed the first thinning. Similarly, when the main 
portion of a stand was thinned or clearfelled, the buffer portion of that stand was clearfelled in the 
first action and established as a buffer zone in the second action. Due to the linear programming 
nature of the model, it was beneficial (i.e. maximise NPV) to clearfell nearly 15% of the CSA area in 
one year when the dynamic timber prices peaked. When discussing the initial results with Coillte 
staff, this harvesting peak was highlighted as highly unrealistic and the 300 ha clearfell limit was 
included to restrict the model from clearfelling unrealistic large areas in any one year. 

The basis for these scenarios was to use cFMMs, i.e. only forest management models currently used 
in the CSA. The cFMMs and the available management actions are detailed in Chapter 3. The 
ALTERFOR model included no option to fertilise blanket peat sites to reforest with Sitka spruce. Due 
to the environmental sensitivity of downstream rivers and policy designations on land adjacent to 
the forest, aerial fertilising is not permitted in the CSA. Manual ground-based fertilising is permitted, 
but the costs are higher and Coillte does not have the necessary labour force in the area to carry out 
such operations (Flanagan, 2018), thus fertilisation was not included as an option in the model. The 
harvest moratorium in the Owenriff catchment was included in the model, not allowing any 
clearfelling in that part of the CSA.  

For the practical application of the method presented in this study of implementing climate change, 
dynamic prices, and ES indicators in a Forest Management Decision Support Systems (FMDSS), it is 
important to consider how model run times are affected when a FMDSS has to calculate additional 
outputs (i.e. ES indicators) and the objective function is made more complex. NPV in the ALTERFOR 
model was calculated from several values (timber price, harvest cost, transport cost, reforestation 
costs, and additional managerial costs), and additional computations were added when all volumes 
used in the NPV objective function were scaled with climate change factors, and all timber prices 
were multiplied with the dynamic price factor. To illustrate how matrix build times and total run 
time were affected by the addition of ES indicators and global scenario impacts, and the impact of 
compressed time, five versions of a modified S1 scenario were run:  

• S1_noES_noGS - without ESs and without global scenario impacts.  

• S1_normalES_noGS - with ESs and without global scenario impacts.  

• S1_noES_normalGS - without ESs and with global scenario impacts.  

• S1_normalES_normalGS - with ESs and with global scenario impacts, i.e. the original S1. 

• S1_no_CompTime – S1 run without the compressed time function (2.2.10 Control section). 

4.2 Results: cFMM and global scenarios  
The results section mainly concerns the four main scenarios, BAU, S1, S2, and S3. The results from 
the noDP and noCC scenarios are presented under heading 4.2.3.1 Impacts of global factors on 
harvest volume and NPV, and their significance is included in the Discussion section. Model run 
times for the four versions of the modified S1 scenario are presented under heading 4.2.1 ALTERFOR 
model runs, and no further results are presented for these scenarios. 

4.2.1 ALTERFOR model runs 
Analysing the impacts on forest management practices of the global scenarios and the two external 
factors separately resulted in a total of 10 scenarios: the four main scenarios (BAU, S1, S2 and S3), 
three noDP scenarios, and three noCC scenarios (Table 62). In general, it took almost two hours to 
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build the linear programming matrix, around 25 seconds to solve it, and an additional 60-90 minutes 
to scan yield tables, run the schedule, and write outputs, bringing the total for matrix generation, 
solving, and running to between 3 and 3.5 hours. 

Table 62. Matrix build time (hour: minute: second), solve time (hour: minute: second), total scenario run time (hour: minute: 
second), the number of potential actions, and the number of scheduled actions for the four cFMM scenarios, the three noCC 
scenarios and the three noDP scenarios 

Scenario  Matrix 
build 

Solve time Total run 
time 

Potential 
actions 

Scheduled 
actions 

BAU 01:54:31 00:00:22 03:32:56 1,595,514 4,854 

S1 01:54:41 00:00:24 03:34:01 1,595,514 6,513 

S2 01:49:51 00:00:24 03:09:53 1,595,514 5,937 

S3 01:49:51 00:00:26 03:05:00 1,595,514 7,440 

S1_noCC 01:53:00 00:00:24 03:25:12 1,595,514 6,468 

S2_noCC 01:52:07 00:00:24 03:28:35 1,595,514 5,745 

S3_noCC 01:52:10 00:00:26 03:10:05 1,595,514 7,172 

S1_noDP 01:50:30 00:00:22 03:35:35 1,595,514 5,195 

S2_noDP 01:50:03 00:00:24 03:12:14 1,595,514 4,984 

S3_noDP 01:49:56 00:00:24 03:06:52 1,595,514 5,522 

 

The impact of adding ES indicators or global scenarios, or both, to the model had no noticeable 
impact on matrix build times (Table 63). Adding the ESs to the ALTERFOR model did only increase the 
total run time by around 15 minutes. However, adding the global scenario impacts added over an 
hour in extra run time. The S1 scenario run without compressed time (S1_no_CompTime) had a 
three hour longer total run time, most of this was extra time spent building the matrix. This scenario 
evaluated nearly twice as many actions as S1, but only scheduled an additional 80 actions, and 
resulted in an additional NPV of €131,172, compared to the S1 scenario NPV of €23,608,992. 

Table 63. Matrix build time (hour: minute: second), solve time (hour: minute: second), total scenario run time (hour: minute: 
second), the number of potential actions, and the number of scheduled actions, for the four modified S1 scenarios to 
determine how the inclusion of ES indicators and the global impacts affect model run time, as well as the S1 scenario run 
without compressed time 

Scenario name 
Matrix 
build 

Solve time Total run 
time 

Potential 
actions 

Scheduled 
actions 

S1_noES_noGS 01:49:21 00:00:22 02:24:57 1,595,514 4,854 

S1_normalES_noGS 01:49:55 00:00:24 02:39:11 1,595,514 4,854 

S1_noES_normalGS 01:51:49 00:00:24 03:28:06 1,595,514 6,513 

S1_normalES_normalGS 01:54:41 00:00:24 03:34:01 1,595,514 6,513 

S1_no_CompTime 04:27:03 00:00:56 06:10:55 3,255,629 6,593 

 

4.2.2 FMM area change 
Two major changes in FMM area (see section 2.8) happened in all scenarios (BAU, S1, S2, and S3) 
and neither change was due to the global scenarios. These two changes were that Sitka spruce 
monocultures, Sitka spruce mixtures and diverse conifer stands planted on blanket peat sites were 
replaced with the lodgepole pine FMM, and the establishment of buffer zones, mainly as aquatic 
setbacks (Figure 37). Other FMMs were largely unaffected in all scenarios.   
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The large-scale transition from Sitka spruce FMMs to the lodgepole pine FMM started around the 
years 2033-2035 in all scenarios. The area of lodgepole pine monocultures increased from around 
26.0% in 2017 to 58.0%, 62.2%, 57.6%, and 60.0% by 2070 for BAU, S1, S2, and S3, respectively, and 
little to no change took place after 2070. In the scenarios that resulted is a smaller area where 
lodgepole pine was established, a larger area of Sitka spruce mixtures and other coniferous stands 
were retained on the blanket peat soils. The difference in final lodgepole pine area was only 270 ha 
between S1, the scenario with the greatest conversion area, and BAU, the scenario with the smallest 
conversion area. The global scenarios had a small impact on the speed and magnitude at which the 
FMM areas changed from Sitka spruce to lodgepole pine, and this was due more to the dynamic 
prices than climate change, as is explained in more depth in section 4.2.3.1 - Impacts of global 
factors on harvest volume and NPV. The change was fastest in S1, followed by S3, S2, and slowest in 
BAU. This was also the order of which the magnitude of change from Sitka spruce to lodgepole pine 
took place, i.e. most change in S1, least change in the BAU scenario. Buffer zones made up 0.9% of 
all forest area in 2017 but increased to 5.3%, 6.7%, 6.1% and 6.8% of the forest area by 2070, in the 
BAU, S1, S2, and S3 scenarios, respectively (Figure 37). 
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Figure 37. Percentage of forest area managed with different FMMs in the four cFMM scenarios: BAU (top left), S1 (top 
right), S2 (bottom left), and S3 (bottom right), over the planning horizon. The Broadleaves group contains both privately 
owned and Coillte owned broadleaves, i.e. FMM8 and FMM9. Native Woodland Sites are mainly unmanaged native 
broadleaf stands that are retained for their high biodiversity values; they are separate from the ‘Broadleaves’ group. Total 
Buffer contains all FPM setbacks, aquatic setbacks, and road setbacks. The group Sitka spruce mixtures contain all stands 
dominated by non-lodgepole pine conifers (including Sitka spruce), with broadleaves and/or non-lodgepole pine conifers as 
secondary or tertiary species, i.e. FMM2 and FMM3. Sitka spruce and lodgepole pine refers to monoculture stands of the 
respective species. The area clearfelled forest land is included at the bottom of each graph. 
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4.2.3 Net present value 
Although the changes in forest types were very similar for the BAU and three scenarios with global 
impacts, there were large differences observed in harvest area, harvest volume and NPV (Table 64). 
The NPV (see section 2.9.1) for the 100-year planning horizon was €16.69M, €23.61M, €20.95M, and 
€26.06M for the BAU, S1, S2, and S3 scenarios, respectively. Compared to the BAU scenario, the 
total clearfelling area increased in the global scenarios, but the additional clearfell area did not result 
in a similar proportional increase in NPV, indicating that future harvesting volumes consisted of low 
value assortments. Scenario S3 included increasing pulpwood prices throughout the planning 
horizon, which was reflected in the larger clearfelling area compared to the other three scenarios. 
Almost all of the harvested volume came from clearfells, and thinnings only accounted for 0.22-
0.27% of the total harvest volume in any scenario (Table 65). Thinning area and thinning volume 
increased in all global scenarios, especially for coniferous stands. Although in the S3 scenario almost 
twice as much volume in thinnings was extracted as in the BAU scenario, the thinning volume share 
of the total harvested volume was only 0.27% in S3. Cumulative NPV initially increased similarly for 
all four scenarios but started to diverge around the year 2035 and this divergence stabilised around 
2057 (Figure 38). After 2057, S3 was the only scenario in which the cumulative NPV continued to 
increase, while in the other scenarios cumulative NPV barely increased after 2057.  

Table 64. Comparison of NPV, relative NPV, clearfell (CF) area, relative CF area, harvest volume, and relative harvest volume 
for the BAU and the three global scenarios. Relative (Rel) values are calculated using the BAU results as the reference value 

Table 65. Comparison of thinning area, relative thin area, thin volume, relative thin volume, and thin volume share of total 
for the BAU and three global scenarios. Relative (Rel) values are calculated using the BAU results as the reference value 

Scenario Thinning area (ha) Rel thin area Thin volume 
(m3) 

Rel thin volume Thin volume share 
of total (%) 

BAU 989 1.00 7,887 1.00 0.23 

S1 1,114 1.123 10,102 1.28 0.22 

S2 1,081 1.09 10,222 1.30 0.23 

S3 1,194 1.201 14,207 1.80 0.27 

 

 

Figure 38. Cumulative NPV for the BAU and three global scenarios over the 100-year planning horizon. 

Scenario NPV (€) Rel NPV CF area 
(ha) 

Rel CF area Harvest 
volume (m3) 

Rel volume 

BAU 16,693,223 1.00 8,149 1.00 3,279,678 1.00 

S1 23,608,992 1.41 13,114 1.61 4,522,287 1.38 

S2 20,946,315 1.25 11,380 1.40 4,279,795 1.31 

S3 26,064,704 1.56 16,488 2.02 5,277,293 1.61 
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4.2.3.1 Impacts of global factors on harvest volume and NPV 
The noCC and noDP scenarios were modelled to assess which global factor, climate change or 
dynamic prices, had the greatest impact on the future forest management. The results for the S1, S2 
and S3 noCC scenarios were closer to those for the main scenarios than the noDP results, indicating 
that the dynamic prices were the main cause of the differences in harvest volumes and NPV 
between the main scenarios (Table 66). Two of the noDP scenarios, S1_noDP and S2_noDP, achieved 
lower NPVs than the BAU scenario, despite the harvesting of more wood volume. Compared to the 
BAU scenario NPV of €16.693 million, the NPV achieved in the S3_noDP scenario was almost equal, 
at €16.647 million, but this was achieved by clearfelling 35% more area and extracting 20% more 
wood. Apart from the S3_noDP scenario, all noCC and noDP scenarios increased the thinning area 
and volumes, compared to the BAU scenario (Table 67). The greatest increase was in the S3_noCC 
scenario, where a 19% increase in thinning area, all being coniferous stands, led to three times as 
much harvested thinning volume. Despite absolute increases in thinning area and volume, the thin 
volume share of the total harvest volume remained low in all noCC and noDP scenarios. 

Table 66. Comparison of NPV, relative NPV, clearfell (CF) area, relative CF area, extracted harvest volume and relative 
harvest volume for the BAU, noCC and noDP scenarios. Relative (Rel) values were calculated using the BAU results as the 
reference values 

Scenario NPV (€) Rel NPV CF area 
(ha) 

Rel CF area Harvest 
volume (m3) 

Rel 
volume 

BAU 16,693,428 1.00 8,149 1.00 3,279,678 1.00 

S1_noCC 25,377,393 1.52 12,728 1.56 4,764,796 1.45 

S2_noCC 22,418,287 1.34 10,750 1.32 4,246,509 1.29 

S3_noCC 25,905,788 1.55 14,623 1.79 5,219,671 1.59 

S1_noDP 15,467,493 0.93 9,897 1.21 3,564,066 1.09 

S2_noDP 15,658,271 0.94 8,771 1.08 3,325,026 1.01 

S3_noDP 16,647,152 1.00 11,004 1.35 3,939,792 1.20 

 

Table 67. Comparison of thinning area, relative thin area, thin volume, relative thin volume, and thin volume share of total 
for the BAU, noCC and noDP scenarios. Relative (Rel) values are calculated using the BAU results as the reference value 

Scenario Thinning area (ha) Rel thin area Thin volume 
(m3) 

Rel thin volume Thin volume share 
of total (%) 

BAU 989 1.00 7,887 1.00 0.23 

S1_noCC 1,077 1.09 10,435 1.32 0.21 

S2_noCC 1,003 1.01 8,763 1.11 0.20 

S3_noCC 1,179 1.19 23,972 3.04 0.44 

S1_noDP 1,099 1.11 9,569 1.21 0.25 

S2_noDP 1,068 1.08 11,816 1.50 0.31 

S3_noDP 964 0.97 10,228 1.30 0.25 

 

4.2.4 Ecosystem Services  
The results for the ES indicators were only produced for the BAU, S1, S2, and S3 scenarios, and not 
for the noDP and noCC scenarios, as their purpose was only to analyse the impact of climate change 
on NPV, clearfell areas and harvest volumes without interference of the dynamic prices, and vice 
versa.   
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4.2.4.1 Timber assortments and standing volume 
Harvested wood volumes (see section 2.9.2) were initially very low, but a harvesting peak that 
happened between 2029 and 2056 increased harvest volume for all scenarios (Figure 39). After the 
peak in harvested volume there was a dip for about 5-10 years, depending on the scenario, followed 
by steady harvest volumes in the second half of the planning horizon. S3 resulted in a slightly higher 
increase in harvest volume towards the end of the planning horizon due to the higher pulpwood 
prices. The harvesting spike, followed by the dip, was due to the uneven age distribution. The largest 
change in harvested timber assortment volumes over the planning horizon was that most of the 
total sawlog volume was harvested in the first five decades of the model run (Figure 39). There was a 
sharp decline in harvested sawlog volume after this period as much of the Sitka spruce blanket peat 
forest was replaced with lodgepole pine, which is not utilised for sawlog production in Ireland. Small 
volumes of sawlog were harvested throughout the planning horizon due to the presence of some 
areas with mineral soils in the CSA on which spruce stands can be grown. Pulpwood was harvested 
throughout the planning horizon and the volume was greatest in the second half of the planning 
horizon as it was the only assortment that could be produced by lodgepole pine (Figure 39). The 
maximum total harvest volume was obtained in S3, followed by the volumes in S1, S2, and lastly that 
in the BAU scenario (Table 68).  

Figure 39. Annual values, based on 10-year periods, for harvested volume per hectare (left), harvested sawlog volume per 
hectare (centre) and harvested pulpwood volume per hectare (right) for the BAU and the three cFMM global scenarios over 
the 100-year planning horizon. All values are in m3 ha-1 year-1. 

Table 68. Comparison of total extracted volume, total extracted volume by assortments (pulp & stake and sawlog) for the 
four scenarios. Relative (Rel) values are included using the BAU scenario results as the reference values 

 Scenario Extracted vol 
(m3) 

Rel 
Extracted 

vol 

Sawlog (m3) Rel Sawlogs Pulp & stake 
(m3) 

Rel Pulp & 
stake 

BAU 3,279,679 1.00 1,912,416 1.00 1,367,263 1.00 

S1 4,522,287 1.38 1,774,241 0.93 2,748,047 2.01 

S2 4,279,795 1.30 1,869,493 0.98 2,410,302 1.76 

S3 5,277,293 1.61 1,994,603 1.04 3,282,690 2.40 

 

Standing volume increased in all scenarios, starting at around 165 m3 ha-1 in 2016 and finishing at 
308, 209, 262, and 209 m3 ha-1 for the BAU, S1, S2, and S3 scenarios, respectively (Figure 40). 
Standing volume increased rapidly between 2020 and 2030, then declined slightly between 2040 and 
2060 due to heavy clearfelling during these decades. After 2060, standing volume increased until 
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2080-2090 and declined for the remainder of the planning horizon for the BAU, S1, and S2 scenarios, 
while the standing volume did not change in the final decades for the S3 scenario. However, the final 
standing volume was higher than the initial standing volume.  

 

Figure 40. Annual standing volume (m3 ha-1) for the four cFMM scenarios over the planning horizon. For ease of 
interpretation, 10-year average rather than annual volumes are presented. 

The volume increment decreased over the planning horizon in all four scenarios. Starting at an 
average of 11.5 m3 ha-1 year-1 in 2016, the volume increment increased to 12-13 m3 ha-1 year-1 in the 
first 10-20 years, followed by a sharp decrease to 8.9 m3 ha-1 year-1 by 2050 horizon (Figure 41). The 
remainder of the planning horizon was characterised by an overall decline and at this point the 
scenarios diverged. The final volume increment in 2116 in S1, S2, and S3 was 6.6 m3 ha-1 year-1, 7,1 
m3 ha-1 year-1, and 7,8 m3 ha-1 year-1, respectively. The BAU scenario had the smallest volume 
increment at the end of the planning horizon, only having an increment of around 5 m3 ha-1 year-1 in 
the last two decades.  

 

 

Figure 41. Volume increment in m3 ha-1 year-1 in the four cFMM scenarios. For ease of interpretation, 10-year average 
rather than annual volumes are presented. 
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4.2.4.2 Carbon 
Instead of reporting on the absolute carbon stocks, the analysis focused on changes in the 
cumulative carbon storage (see section 2.9.3) since the model start year, for all of the modelled 
scenarios, i.e. the cumulative carbon storage was 0 tonnes carbon ha-1 in 2016. The cumulative 
storage of carbon, relative to the model start year, increased in the first 10 years to about 25 tonnes 
of carbon ha-1 for all scenarios, followed by an overall slow decline for the remainder of the planning 
horizon for all scenarios (Figure 42). In the BAU scenario 37.0 tonnes of carbon were stored 
cumulatively in the first 20 years before the overall slow decline. The overall slow decline included a 
small increase in cumulatively stored carbon starting around 2060 and lasting until 2087, 2078, 2087, 
and 2070, for the BAU, S1, S2, and S3 scenarios, respectively. Overall, the carbon storage declined 
after the increase in the first decades, with the final cumulatively stored carbon being 21.5, 7.6, 9.9 
and -11.7 tonnes carbon ha-1 for the BAU, S1, S2 and S3 scenarios, respectively.  

 

Figure 42. Cumulative stored carbon by year, in tonnes ha-1, for the four scenarios. 

The decrease in cumulatively stored carbon, which resulted in the forest becoming a carbon source 
at the end of the planning horizon in S3, was not due to overharvesting or ineffective utilisation of 
harvested wood. Rather it was the result of carbon emissions from the drained blanket peats, which 
much of the forest in the CSA was planted on. Drained peat is the source of carbon emissions from 
oxidisation and sedimentation, at 0.61 and 0.31 tonnes of carbon ha-1 annually, respectively. This 
carbon emission was assumed to happen on all drained and forested blanket peat site, regardless of 
forest management system. The drained peat soils were excluded from the cumulative carbon 
storage, in order to visualise the impact they had, and when doing so, the stored carbon per hectare 
increased in all scenarios (Figure 43). There were periods of a slight decline or stagnation in 
cumulative carbon storage, especially between 2036-2060 and after 2090. However, overall the 
forest land acted as carbon sinks when excluding carbon emissions from drained peat soils, with the 
final cumulative carbon storage at 96.2, 82.3, 84.6 and 63.0 tonnes ha-1 over the 100-year planning 
horizon for BAU, S1, S2 and S3, respectively. 
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Figure 43. Cumulative stored carbon by year, in tonnes ha-1, for the four scenarios when excluding emissions from forested 
peat soils. 

4.2.4.3 Regulatory – Windthrow risk 
Regulatory ecosystem services were evaluated based on the extent of the forest area at risk of 
windthrow (see section 2.9.4). The analysis of the area of forest at higher windthrow risk (≥ 70% 
probability that > 3% of stems windthrown, based on the windthrow risk model) showed a steep 
increase in the first decade for all scenarios, as much of the forest grew taller before being 
clearfelled (Figure 44). After Sitka spruce started to be replaced with lodgepole pine the scenarios 
diverged from each other as the forest was harvested at different rates.  

 

Figure 44. Forest area with a critical windthrow risk over 70%, for the four scenarios.  

However, due to the existence of Native Woodland Sites (NWS), buffer zones, and areas with 
environmental designations, not all forest were eligible for clearfelling, which was the only method 
to reduce the critical windthrow risk of a stand. The fellable area with stands at critical windthrow 
risk exhibited a similar pattern in terms of which scenarios had the highest area at high windthrow 
risk, but the total at risk area was lower (Figure 45). Based on observations of S3, there was about 
2,130 ha of non-fellable forests with a high risk of experiencing windthrow, with much of this being 
coniferous forests in the Owenriff catchment where Coillte has a harvesting moratorium in place to 
prevent any adverse impact on FPM populations and their habitat.  
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Figure 45. Area of fellable forests at critical windthrow risk over 70%, for the four scenarios. 

4.2.4.4 Biodiversity 
The Biodiversity ESs (see section 2.9.5) were evaluated based on four main indicators:  

• Volume stored in large diameter trees. 

• Coarse deadwood volume from natural mortality. 

• Volume share of broadleaves, broadleaf volume, and native tree volume. 

• Area of old forests. 

Other ES indicators were also relevant for biodiversity. Among these were buffer zone area, which is 
reported as part of the water quality ESs, and naturalness, which is reported under the cultural ESs 
since it was part of the RAFL-index. 

4.2.4.4.1 Volume stored in large diameter trees 
The volume per hectare of large diameter trees increased in all scenarios, but more so in the BAU 
scenario compared to the scenarios where global impacts were implemented (Table 69). Most of the 
large diameter volume was stored in trees with DBH 30-40 cm, although the proportion stored in 
even larger trees (DBH > 40 cm and DBH > 50 cm) increased over time. The proportion of volume 
stored in all trees with a DBH > 40 cm double over the planning horizon, but the proportion of 
volume stored in the larger trees with a DBH > 50 cm remained constant. All volume measurements 
(DBH > 30 cm, DBH > 40 cm, DBH > 50 cm) in each scenario increased at least by a factor of four, and 
most of the increase in large diameter tree volume had taken place by the planning horizon 
midpoint, the year 2066. The BAU scenario had a considerably greater volume per ha for trees with 
DBH > 30 cm than the other scenarios. However, at the end of the planning horizon all four scenarios 
had almost an equal volume in trees with DBH > 40 cm (11.03-12.81 m3 ha-1). The S1, S2, and S3 
scenarios had slightly greater volumes of trees with DBH > 50 cm at the end of the planning horizon 
compared to the BAU scenario, although the volume of trees with DBH > 50 cm was between 2.01-
2.18 m3 ha-1 in all scenarios. 

4.2.4.4.2 Coarse deadwood volume from natural mortality 
The total volume of coarse deadwood from natural mortality decreased by around half over the 
planning horizon in all scenarios (Table 69) and much of the total decrease had already taken place 
by the year 2066. Additionally, the volume of large diameter (DBH >30 cm) coarse deadwood from 
natural mortality decreased by more than half in all scenarios, and nearly all this decline took place 
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between 2017 and 2066. Almost all the natural mortality volume originated from conifers, mainly 
Sitka spruce and lodgepole pine.  

4.2.4.4.3 Volume share of broadleaves, broadleaf volume, and native tree volume 
The volume share of broadleaves doubled in S1 and S3, from around 1.05% to 2.00% and 1.01% to 
1.90%, respectively (Table 69). The share of broadleaves in the BAU scenario and S2 increased from 
0.96% to 1.31% and 1.06% to 1.5%, respectively. There was an increase in absolute broadleaf volume 
in the BAU and S2 scenarios, but due to great increases in conifer volume the percentage of 
broadleaf volume remained the same through the planning horizon. On the species-specific level, 
the birch volume declined early on due to Sitka spruce mixtures with birch being clearfelled. 
However, due to the establishment of buffer zones the birch volume increased steadily in all 
scenarios from 0.78 m3 ha-1 to around 1.45 m3 ha-1 by the end of the planning horizon. The other 
broadleaf species present in the forest landscape at least doubled their total volumes per hectare in 
all scenarios, or in the case of alder, quintupled it. Alder increased its volume from 0.12-0.13 m3 ha-1 

to 0.74-0.79 m3 ha-1 due to alder being planted in buffer zones. The increase in volume for other 
broadleaf species was not the result of new planting but occurred due to existing stands growing 
older. However, apart from alder and birch, none of the other broadleaves ever reached more than 
0.92 m3 ha-1 (beech in year 2116 in S1). Ireland’s only native commercial conifer, Scots pine, had its 
volume reduced, most drastically in the BAU scenario where it decreased from 0.42 m3 ha-1 to 0.29 
m3 ha-1. The volume of Scots pine in S2 early in the planning period was smaller due to harvesting 
more stands containing Scots pine in the first period, i.e. 2016.   

4.2.4.4.4 Area of old forests 
The area of forest older than 80 years increased in all scenarios but to very different levels at the 
end of the planning horizon. The area increased from 17 ha in 2017, to 4,894 ha, 2,821 ha, 3,613 ha, 
and 2,456 ha for BAU, S1, S2 and S3, respectively (Table 69). More forest area entered this older age 
class in the second half of the planning horizon (i.e. year 2066-2116) than in the first half. 
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Table 69. Biodiversity indicators for the four cFMM scenarios, BAU, S1, S2, and S3, at three time points: 2017, 2066, and 2116. The indicators represent per hectare values for volume of large 
diameter trees, volume of coarse deadwood, volume of coarse deadwood with DBH > 30 cm, volume share of broadleaves, volume of broadleaves, volume of native tree species, and the area 
of old forest 

 
BAU S1 S2 S3 

Biodiversity indicator 2017 2066 2116 2017 2066 2116 2017 2066 2116 2017 2066 2116 

Volume (m3 ha-1) DBH > 30 cm 10.16 68.80 78.39 9.92 50.55 51.78 9.61 57.09 60.16 9.80 51.46 53.92 

Volume (m3 ha-1) DBH > 40 cm 1.73 12.41 13.91 1.72 11.03 12.17 1.68 11.59 12.81 1.70 12.04 13.34 

Volume (m3 ha-1) DBH > 50 cm 0.58 1.52 2.01 0.57 1.53 2.18 0.57 1.51 2.04 0.57 1.56 2.20 

Coarse deadwood volume (m3 ha-1) 3.10 1.75 1.23 2.87 2.46 1.65 2.84 2.35 1.55 3.04 1.90 1.23 

Coarse deadwood volume (m3 ha-1) DBH > 
30 cm 

1.05 0.34 0.34 1.00 0.29 0.38 1.02 0.30 0.35 1.00 0.30 0.35 

Volume share broadleaves (%) 0.96 1.24 1.31 1.05 1.46 2.00 1.06 1.37 1.54 1.01 1.65 1.90 

Volume (m3 ha-1) Fagus sylvatica 0.39 0.52 0.56 0.47 0.78 0.92 0.47 0.66 0.74 0.47 0.61 0.67 

Volume (m3 ha-1) Betula sp 0.78 1.03 1.49 0.78 0.97 1.50 0.78 1.01 1.50 0.78 0.94 1.43 

Volume (m3 ha-1) Quercus sp 0.14 0.28 0.36 0.14 0.27 0.35 0.14 0.27 0.35 0.14 0.27 0.35 

Volume (m3 ha-1) Pinus sylvestris 0.42 0.33 0.29 0.49 0.37 0.43 0.39 0.35 0.36 0.45 0.39 0.33 

Volume (m3 ha-1) Fraxinus excelsior 0.23 0.66 0.79 0.22 0.57 0.63 0.21 0.61 0.70 0.22 0.62 0.73 

Volume (m3 ha-1) Acer pseudoplatanus 0.03 0.07 0.08 0.02 0.06 0.07 0.03 0.07 0.07 0.03 0.07 0.08 

Volume (m3 ha-1) Alnus glutinosa 0.13 0.62 0.79 0.12 0.53 0.74 0.12 0.60 0.74 0.13 0.55 0.74 

Area of forest aged 61-80 years (ha) 147 1509 1002 143 1182 803 143 1351 496 143 1184 96 

Area of forest older than 80 years (ha) 17 2548 4894 17 959 2821 17 1484 3613 17 967 2456 
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4.2.4.5 Water quality 

4.2.4.5.1 Buffer zones 
For all modelled scenarios there was a steady increase in buffer zone area, especially associated with 
the water setback designation (Figure 46). The total area of buffer zones peaked around the year 2060 
in all scenarios, and the area was maintained throughout the remainder of the planning horizon. The 
requirement to establish buffer zones did not exist when most of the forest stands in the CSA were 
established. The policy on buffer zone widths (Table 10) refers to wider buffers for sites that are on 
peat soils, have steep slopes, or are in a FPM catchment (Forest Service, 2016a; Forest Service, 2017a). 
Thus, when a stand was subjected to the first thinning or clearfell in the planning horizon, the 
corresponding buffer zone was established with birch, alder and open space.  

 

Figure 46. Area of buffer zones by FPM setback, water setback, and road setback in the BAU scenario and S1. The areas of 
FPM setback and road setback were nearly identical in all four scenarios, and the areas of water setback were almost 
identical for S1, S2, and S3. 

4.2.4.5.2 Nutrient emissions 
The modified SLAM framework (section 2.9.6) was utilised to provide nutrient emission loads 
associated with different land-uses in the modelled scenarios. N emissions remained static, but P 
emissions increased in the years following a clearfell (Figure 47). Total P emission loads were thus 
proportionally higher in the scenarios with greater total clearfelling areas. Although forest stands 
emitted more nutrients per hectare, other land parcels in the landscape contributed to N and P 
loads in watercourses (Table 70). S3 resulted in the highest amount of P loss, followed by S1 and S2, 
and in the BAU scenario the lowest P emissions occurred.   
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Figure 47. Average annual P emission from forest land per hectare, over the planning horizon in the four scenarios. 

Table 70. Emission levels for N and P, for the forest (in kg yr-1 ha-1and kg yr-1) and the entire CSA (in kg yr-1 ha-1and kg yr-1), 
for the BAU, S1, S2 and S3 cFMM scenarios 

 
N (kg yr-1) P (kg yr-1)  

Forest CSA Forest CSA 

Scenario ha-1 Total ha-1 Total ha-1 Total ha-1 Total 

BAU 5.42 53,651.45 3.30 228,527.69 0.58 5,772.21 0.29 19,951.38 

S1 Reference 5.42 53,651.45 3.30 228,527.69 0.59 5,881.03 0.29 20,060.21 

S2 EU Bioenergy 5.42 53,651.45 3.30 228,527.69 0.59 5,842.59 0.29 20,021.77 

S3 Global Bioenergy 5.42 53,651.45 3.30 228,527.69 0.60 5,953.56 0.29 20,132.74 

 

4.2.4.6 Cultural Services 
The RAFL-index (see section 2.9.7) increased slightly over the planning horizon in all scenarios, but 
there were no large differences between the scenarios. The RAFL-index increased from 0.50 in 2016 
to 0.58, 0.58, 0.53 and 0.52 for BAU, S1, S2 and S3, respectively (Figure 48). The RAFL concept scores 
changed depending on a combination of changes in forest composition (i.e. changes in FMMs), 
clearfelling areas, and the volumes of harvest residue in the forest landscape. Overall, all scenarios 
experienced very similar changes in FMM area but the total area of clearfelling differed heavily 
between scenarios - there was 61%, 40%, and 102% more total clearfelling area in S1, S2, and S3, 
respectively, compared to the BAU scenario.  
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Figure 48. RAFL-index over the planning horizon for the four scenarios, 10-year average values used. 

Although the RAFL-index did not change much over time, large changes were observed in several of 
the individual concept scores (Figure 49). The stewardship concept score, which was associated with 
low levels of harvest residue, increased until 2030, rapidly declined around 2040, increased to its 
peak in 2070 and then had another dip, followed by an increase. The decrease in the naturalness 
concept was mainly due to the wilderness dimension score, which was determined by the amount of 
natural mortality volume in the forest landscape. The complexity dimension score increased due to 
small increases in the Shannon diversity index and an increased evenness in DBH across the forest 
landscape. The visual scale concept score was unaffected in S1 and S3 and increased slightly in the 
BAU and S2 scenarios. Historicity relates to the scores for historic richness (mean stand age) and 
historic continuity (afforestation and deforestation). The mean stand age increased due to non-
fellable and commercially unviable stands growing older in all scenarios. The ephemera score 
increased since it depended on the share of broadleaves, which increased in all scenarios.  

 

Figure 49. The concept scores that were averaged to produce the RAFL-index for the S1 – Reference scenario. 
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4.2.5 Comparison of cFMM results  
The differences between the cFMM scenarios can be difficult to interpret when looking at individual 
ESs indicator graphs that contain much variation between years and are presented in different 
sections. The average annual supply of the ESs indicators was determined for the four cFMM 
scenarios, similar to the method used in section 3.3.9 ES indicator trade-offs, and compared to the 
14 linear programming optimisation runs minimum and maximum annual supply of the ESs 
indicators that were presented in Chapter 3 (Table 61). All cFMM global scenarios achieved higher 
NPVs than the biophysical maximum in the cFMM BAU scenario, which was possible since the BAU 
scenario was not modelled with the dynamic prices. The global scenarios also achieved higher 
harvest volumes than the BAU scenario, but apart from the S3 scenario they resulted in harvest 
volumes far below the maximum biophysical level. The BAU, S1, S2, and S3 scenarios produced 
harvest volumes of 55%, 76%, 71%, and 88% of the maximum possible, respectively. More standing 
broadleaf volume was found in the scenarios with more harvesting, i.e. S1 and S3, although all 
cFMM scenarios resulted in broadleaf volumes close to the biophysical minimum limit. However, the 
scenarios that involved more harvesting had slightly higher P emissions, lower windthrow risk, and 
lower carbon storage per hectare. The P emission range was narrow, and most scenarios produced 
values closer to the biophysical maximum. For windthrow and carbon, all scenarios resulted in 
values that were generally between the minimum biophysical limit and the biophysical average 
value. There were barely any differences in Hemeroby index values, and all four scenarios produced 
index values closer to the minimum than the maximum limit. 

Table 71. Ranges between the average annual biophysical minimum and maximum values for seven ES indicators under the 
cFMM BAU scenario, and the average annual ES indicator values for these seven indicators for the four cFMM scenarios. 
The average annual ES indicators are total NPV (€), total harvest volume (m3), total broadleaf volume (m3), P emissions (kg 
ha-1), average windthrow risk per hectare, total carbon storage (tonnes ha-1), and average Hemeroby index per hectare. The 
stakeholder preference for an increase or decrease in the indicator values is also included   

Scenario NPV Harvest vol Broadleaf 
volume 

P emission Windthrow 
risk 

Carbon Hemeroby 
index 

MIN -44,768 0 28,368 0.57 0.31 85.64 0.92 

MAX 166,932 59,873 63,981 0.61 0.73 175.09 0.97 

BAU 166,932 32,797 28,477 0.58 0.55 125.43 0.94 

S1 236,090 45,223 32,802 0.60 0.43 105.88 0.93 

S2 209,463 42,789 28,955 0.59 0.48 110.84 0.93 

S3 260,647 52,773 33,576 0.60 0.38 98.03 0.93 

Preference More More More Less Less More Less 

 

4.3 Discussion – cFMM results 
4.3.1 cFMM scenario model run times 
The number of scheduled actions increased in the cFMM scenarios with higher pulpwood prices, i.e. 
S1 and S3 (Table 62), but the number of potential and scheduled actions had little impact on the 
matrix build time and total run time (Table 58 and Table 62). The run times were more affected by 
the complexity of calculating the decision variables in the objective function (Snyder et al., 1999), as 
shown by the Chapter 4 model runs (Table 58). This calculation time was barely affected by the 
inclusion of ESs indicators, which were not part by the objective function, but implementing the 
global scenarios had large impact on total run time (Table 63). This comes back to model complexity 
and the NPV calculation becoming more complex with the inclusion of the global scenarios.  

The compressed time feature in Woodstock (section 2.2.10) can reduce the matrix build time by 
limiting how frequently potential actions are scheduled for existing dvtyps (i.e. present at the start 
of the planning period) in the future. When compress time was excluded it doubled the matrix build 
time, increased total run time, and doubled the number of potential actions, but it only resulted in a 
few additional scheduled actions (Table 62 and Table 63). Excluding compressed time did increase 
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NPV in, but due to the added time of calculating decision variables in redundant potential actions it 
was decided to include compress time and have a model that could be solved quicker and thus be 
modified and improved faster. Naturally, when development of the ALTERFOR model was 
considered finished, the scenarios could be re-run without compress time, but the overall results 
would point in the same direction. The objective was never to produce the optimal 100-year 
management schedule for the CSA, and that level of detail is not necessary in strategic planning 
(Tiernan & Nieuwenhuis, 2005).  

4.3.2 Forest composition, harvested timber volumes, and NPV  
Independently of climate change and an expanded bioeconomy, the forests in the Barony of 
Moycullen and other Western Peatland forests are likely to undergo significant changes in forest 
composition. Due to environmental constraints, lodgepole pine will be the only species suitable for 
reforestation on peatland without applying fertiliser. The results of the model runs based on the 
current FMMs were largely determined by the replacement of Sitka spruce FMMs in favour of the 
lodgepole pine FMM. The option to manually apply fertiliser would allow for the establishment of 
Sitka spruce on blanket peat, which might yield different results. Although it would add another 
€450 ha-1 at reforestation, the planting of Sitka spruce could be a preferable management option in 
the future since the mill gate price of lodgepole pine is very low. Outside of the CSA, fertilisation and 
spruce planting are still common management practices on Irish western peatland forests that are 
subjected to fewer environmental constraints. However, increasing environmental regulation and 
pressure to restore peatlands could cause fertilisation of blanket bog to drastically decrease or cease 
entirely in the future. This would lead to reductions in the volumes of sawlog produced nationally 
and an overall decline in productivity if large-scale change from Sitka spruce and lodgepole pine 
takes place. It might be attractive for foresters to consider alternative management of peatland 
forests, which could better utilise the sites and provide other ESs (such as enhanced water quality, 
cultural services and biodiversity), instead of producing large volumes of low value pulpwood 
(Corrigan & Nieuwenhuis, 2017). Some potential options may include long-term retention of forest, 
natural regeneration (preferably using broadleaves), retention of unplanted areas, restoration of 
natural bog habitat through rewetting, planting with native species, and planting with lodgepole 
pine at low stocking levels (Tiernan, 2007; Renou-Wilson & Byrne, 2015).  

The change in forest composition also included increased areas of aquatic buffer zones. Before Irish 
forestry increased its environmental focus and started adapting towards Sustainable Forest 
Management (SFM) in 1996 (DAFF, 1996), forests were planted right up to waterbodies without any 
buffer zones. Current practice is to establish buffer zones adjacent to waterbodies during the first 
occurring thinning or clearfell intervention. The area of buffer zones increased from 0.9% to 5.3-
6.8%, depending on the scenario. Tiernan (2008) studied large-scale redesign of the western 
peatland forests and reported that implementing wider buffer zones would involve 12,640 ha, or 8% 
of the 200,000 ha of western peatland forests, causing a large area to be taken out of production. 
Landscape hydrology, road density and the presence of FPM catchments will determine future 
management of stands, and how extensively wider aquatic buffer zones are implemented will 
determine the overall forest area converted to buffer zones. Generally, Ireland’s forests on mineral 
soil have fewer lakes, ponds, and watercourses than the western peatlands, so these forests can be 
expected to have a smaller area converted to buffer zones. However, as productive forest areas are 
converted, national timber production from already existing forests might be reduced by up to 8% in 
the future. Recently afforested stands already have their respective buffer zones, so these forests 
will not be affected in the future. As the changes in the forest landscape are dictated by recently 
introduced environmental policies, the major changes in forest composition that were observed in 
the scenarios are likely to happen regardless of what the future holds in terms of climate change and 
bioeconomy. These policies and regulations could, however, be expanded and tightened in the 
future and drive further changes in forest composition. 
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NPV increased in all scenarios compared to the value in the BAU scenario. The global scenarios 
showed similar trends in increased NPV and harvest volume, with the magnitude of these increases 
varying with the dynamic pulpwood assortment prices. S3 resulted in the highest NPV, highest 
harvest volumes, and was associated with the highest increase in pulpwood prices, followed by S1 
and then S2. This was also the order of the harvest volumes, i.e. the order of the dynamic price 
increases for pulpwood in the global scenarios. The importance of the impact of the dynamic prices 
on the results, compared to the climate change impacts, was shown by the noCC and noDP 
scenarios. This result could be expected when considering the magnitude of the impact of climate 
change and dynamic prices, e.g. by 2080 the S1 scenario had a 17.9% growth reduction in Sitka 
spruce, but a 28% increase in sawlog price and 21% increase in pulpwood prices. Climate change, as 
implemented in the ALTERFOR model was largely detrimental to harvest revenue, as the sawlog-
producing spruces, firs, and Douglas firs in the CSA would be growing 9-18% slower in the future A2 
climate change scenario (which corresponds to the model S1 scenario). Such reductions in the 
growth of commercially valuable tree species are not limited to the CSA. Climadapt projections 
predict that Sitka spruce will suffer growth reductions in large parts Ireland in the future (Cabrera 
Berned & Nieuwenhuis, 2017). These negative impacts could be offset by an expanding bioeconomy. 
The dynamic assortment price for pulpwood meant that the increasing price made larger forest 
areas profitable to manage for pulpwood production in the future. This was evident when comparing 
harvest areas in scenarios S1 and S2, in which pulpwood prices stabilised, with that in BAU (Table 
64). Since increased demand for wood fibre would happen on national level, higher pulpwood prices 
could potentially mobilise biomass from large areas of marginally productive lodgepole pine forests 
on blanket peat that are financially loss-making when managed under current conditions (Tiernan, 
2007). Additionally, lodgepole pine can be expected to grow faster in all three climate scenarios 
considered in this study, increasing its growth by 6.8%, 3.4%, and 2.0% in the S1, S2, and S3 
scenarios, respectively. However, it is important to point out that despite the considerable increases 
in pulpwood assortment prices in the S3 scenario, these lodgepole forests will not be as profitable as 
sawlog producing conifer plantations. For example, ignoring reforestation costs (including the cost of 
manual fertilisation) and discounting, the mill gate prices for Sitka spruce at an average tree size 0.5 
m3 and 1.0 m3 are €33.70 m-3 and €42.10 m-3, respectively. The corresponding mill gate prices for 
lodgepole pine are €7.10 m-3 and €10.70 m-3, respectively. 

Due to an uneven age class distribution, the harvest volume dipped in the middle of the planning 
horizon in all scenarios. At the start of the planning horizon, 75.7% of the forest was older than 20 
years and after these stands were clearfelled a large portion of the forest was juvenile, causing this 
dip. During the 2nd half of the planning horizon a reduction in harvested sawlog volumes was 
experienced in all scenarios, as the Sitka spruce forest had been replaced with lodgepole pine. 
Lodgepole pine is only utilised for pulpwood and biomass in Ireland, due to its low timber quality, i.e. 
excessive knots and lack of straightness. The combination of small profits resulting from production 
of the low value lodgepole pine and the discounting future costs and revenues caused the 
cumulative NPV to stagnate around the year 2057 in most scenarios. S3 was the only scenario that 
resulted in a noticeable NPV increase after 2057, and it was also the only scenario where dynamic 
prices increased throughout the planning horizon. The irregularity in harvested volume observed in 
all scenarios is a common problem for foresters that is associated with Ireland’s rapid afforestation 
of public land between the 1960s and 1990s. This afforestation resulted in forest estates being 
largely even-aged, such as the Cloosh and Derrada forests in the CSA. Coillte is currently planning 
their clearfelling operations by felling certain stands earlier and some later than their optimal 
rotations, to create forest estates with a more uneven age structure (Malone, 2018).  

The BAU scenario had the highest standing volume throughout the planning horizon due to low 
clearfelling rates which allowed stands to grow old and accumulate volume. In contrast, clearfelled 
and reforested stands grow faster in their juvenile stage. Since the BAU scenario had the least 
clearfelling, more stands reached the maximum age in the yield tables (age 70 for conifers), resulting 
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in no further volume increment. Stands on peat are inherent unstable after thinning, especially in 
the exposed west, causing an increased risk of windthrow and thus, peat stands are often left 
unthinned in Ireland, even if they are stocked with Sitka spruce or other non-lodgepole pine conifers 
(Clarke, 2016). The impact of machinery contributes to this, but also increases the erosion and 
emission risk. The actual difficulty of operating machinery of these soils is also an issue, requiring 
heavy brash mats and often reduced loads, which in itself results in little to no available harvest 
residues to be extracted for bioenergy use. 

4.3.3 Ecosystem Services 
Climate change affected the growth rates of tree species but had very little impact on the provision 
of ESs - ES indicators based on volume, like many of biodiversity indicators, were affected by climate 
change but the impact was small. Dynamic prices affected the area of clearfelling, which was the 
main factor affecting most ESs in the ALTERFOR model.  

Large amounts of carbon were sequestered in the BAU scenario as large forest areas grew beyond 
normal clearfell ages, while the forests became a carbon source due to heavy clearfelling throughout 
the planning horizon in the S3 scenario. Carbon emissions from drained blanket peat meant that less 
carbon was cumulatively stored in all scenarios. The issue with windthrow risk being assessed but 
not impacting forest volume was thoroughly discussed in the previous chapter (section 3.4.2 
Assessment of maximisation and minimisation of ES indicators), and this should be remembered 
when analysing the high stocks of living carbon stored in forest stands that kept growing older, most 
notably in the BAU scenario. It is likely that many over-mature stands would contain more 
decomposing deadwood carbon, and less living carbon than the results of these scenarios indicate 
(see section 3.4.2, paragraph 5).The carbon stocks were impacted by different utilisation rates; 10% 
of all pulpwood was utilised for bioenergy in the BAU and S1 scenarios, while the corresponding 
value for the S2 and S3 scenarios was 30%. Although this resulted in less carbon being stored long 
term in wood-based panel boards, it contributed to a reduction in the use of fossil fuels for heating 
and energy production, reducing Ireland’s dependency on imported fossil fuels. In 2014 Ireland 
imported 85% of their energy and 97% of this imported energy consisted of fossil fuels (Dineen et al., 
2016). Although renewable energy production has grown considerably in the last decades, it only 
supplies 7.6% or Irelands total energy needs and biomass supplies 2.3% of the total energy needs 
(Dineen et al., 2016). Overall, renewables are mainly to produce electricity, but the biomass portion 
is mainly used to produce thermal heat. In 2017, 42% of the harvested roundwood volume, or 
1,780,000 m3, were utilised for energy production (Forest Service, 2019). Although more than half of 
this volume is waste from the forest products industry that is utilised in the forest products industry, 
largely to try wood (O’Driscoll). Usage of renewable energy, including woody biomass, is expected to 
increase to reach the 2020 targets. Doing so may include the utilisation of pulpwood and increased 
harvest residue harvesting for wood energy. Increased European or global demand that increase 
biomass prices, alternatively policy decisions to utilise more wood biomass for energy, could lead to 
closure of wood panel board mills if available pulpwood becomes scarce. Additionally, studies have 
found that increased harvesting of biomass fuel lead to shorter rotation periods and extraction of 
more harvest residues, which decrease forest biodiversity (Verkerk et al., 2011; Duncker et al., 2012; 
Söderberg & Eckerberg, 2013), because deadwood is an important contributor to habitat provision 
and an indicator of forest health (Lassauce et al., 2012; Brockerhoff et al., 2017). Verkerk et al. 
(2011) estimated that intensified bioenergy harvest could cause a 5.5% reduction of deadwood in 
European forests between 2005 and 2030, whereas a business as usual scenario would increase 
deadwood volumes by 6.4% under the same time period. Utilising European agricultural land for 
short rotation biomass crops would likely lead to increased food imports, which would cause global 
decline in biodiversity as intensified land-use would remove species-rich habitats in the tropics (Di 
Fulvio et al., 2019). Di Fulvio et al. (2019) also points out that importing wood pellets from Canada, 
Russia, and the US would only cause marginal biodiversity loss compared to importing agricultural 
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products and growing biomass locally. Thus, the trade-offs of mitigating climate change must be 
carefully considered to not cause habitat destruction short-term. 

The difference between scenarios in terms of the area at critical windthrow risk was inversely 
related to higher dynamic timber prices, i.e. the scenario with the highest timber prices (i.e. S3) had 
the smallest area at critical windthrow risk. Around 60% of the forest area in the BAU scenario had a 
70% chance of experiencing critical windthrow in the second half of the planning horizon, according 
to the windthrow risk model. The area of fellable forest at high windthrow risk was also kept high in 
both the S1 and S2 scenarios, and S3 was the only scenario where a relatively small fellable forest 
area had a high windthrow risk. Stands that have experienced initial windthrow are often affected by 
further windthrow in subsequent years as the forest stand is opened up. Thus, stands with high risk 
could be expected to have their standing volume reduced which would affect most of the other ESs 
and shorten rotations. However, the issue remains what needs to happen with the unfelled stands, 
how their reduced volumes would affect ESs and what interventions forest managers would take in 
these stands. Management actions such as planting low stocked forests, restoring bog habitat and 
promoting natural regeneration of native vegetation could be used to redesign many unmanaged 
sites and transform them into wilderness areas. Such actions could increase biodiversity, cultural 
and water quality ESs from the forest, while reducing the overall windthrow risk and avoiding the 
negative impacts of having over-mature trees falling over into watercourses and impacting water 
ecology (Lynch et al., 1985), or unmanaged stands becoming a breeding ground for bark beetles 
(Weslien & Schroeder, 1999). Issues related to the future development of economically marginal 
peatland forests, their increasing windthrow risk, and their future management are relevant for all 
Irish western peatland forests (Tiernan, 2008). 

Except for coarse deadwood volume, all biodiversity indicators increased in all scenarios. This was 
largely due to additional broadleaf volume resulting from the creation of buffer zones and more 
large diameter trees in older stands, in the Owenriff FPM catchment as a result of the harvest 
moratorium and throughout the CSA in stands that were unprofitable to manage. The area old forest 
increased all in scenarios, largely due to the harvest moratorium area in the Owenriff catchment, but 
also due to forests growing old in existing and newly established buffer zones, stands that were 
never subjected to any clearfelling, and areas that were clearfelled early in the planning horizon, 
replanted, and never subject to subsequent clearfelling. However, the objective of NPV 
maximisation resulted in all privately owned, non-NWS broadleaf forests being clearfelled and 
replaced with exotic conifers. No new commercial broadleaf forests or native woodlands were 
established in any scenario, despite being an eligible forestation action on most mineral soils. Coillte 
have issues with establishing broadleaves in the area, largely due to grazing of seedlings, mainly by 
sheep but also by deer (Malone, 2018). Additionally, the poor nutrient status of the blanket peats 
makes large areas of the forest landscape unsuitable for broadleaves. Natural mortality volumes 
decreased in all scenarios, and almost all of the deadwood came from coniferous trees. The yield 
tables used for broadleaves did not include natural mortality as they were based on intensively 
managed forests where trees were thinned out before natural mortality could take place. The yield 
tables used for conifers included more natural mortality associated with unthinned Sitka spruce 
stands (which were most of the Sitka spruce stands in the CSA), whereas lodgepole pine stands 
produced more harvest residue at clearfell, for stands of the same age on the same site. Thus, most 
of the reduction in coarse deadwood volume was due to the replacement of Sitka spruce with 
lodgepole pine, but also due to decay, reducing the existing coarse deadwood volume over time.  

Water quality was assessed based on N and P emissions. The N emissions were not changed by 
forest management actions, but the P emissions increased for four years after clearfelling before 
returning to previous levels. Thus, water quality was indirectly negatively affected by higher timber 
assortment prices, as this increased clearfelling. However, even in the absence of clearfelling, the 
forests and all other land-use parcels in the CSA, emit a background amount of P. The P emission 
values from the SLAM-framework were area averages and applied to all land parcels, regardless of 
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slope and distance to watercourses. In reality, harvesting sites close to watercourses probably 
release more P into the watercourse, but these additional P emissions could be avoided by 
increasing the width of buffer zones, especially in areas receiving more overland water flow (Ó 
hUallacháin, 2014). However, buffer zones on blanket peat sites are unlikely to sequester large 
amount of nutrients (Kelly-Quinn et al., 2016). Undertaking sensitivity during forest operations in 
sensitive catchments, such as avoiding tracks near the watercourses, are paramount to limiting 
nutrient emission runoffs. Leaving brash mats in buffer zones leads to elevated levels of N and P 
under the brash mats, which can leach into the adjacent watercourses unless mineral soil is present 
(Finnegan et al., 2012). The nutrient from brash mats can be used to fertilise and ensure the 
survivability of planted broadleaf, preventing elevated levels of nutrients to reaching the 
watercourses (Finnegan et al., 2012). Seeding the clearfelled sites with grass immediately after the 
clearfelling operation can sequester large amounts of P in grass, preventing it from reaching the 
watercourse (O’Driscoll et al., 2011). Field observations in the CSA indicated that some open area 
buffers naturally regenerate with Sitka spruce and lodgepole pine. Whether these areas are small or 
large, additional management might be necessary to remove these conifers in the future and take 
more active measures, such as the strategic placing of brash mats to establish native broadleaves 
and scrubby trees, such as goat willow (Salix caprea L.). The methodology presented here can easily 
be integrated into Coillte’s Woodstock model to roughly estimate the long-term P emissions on a 
catchment and sub-catchment level, which is required for FSC certification (FSC, 2012). Furthermore, 
governmental authorities implementing the Water Framework Directive could utilise this method to 
assess total catchment nutrient emissions from all land-uses (forestry, agricultural, and other point 
and diffuse sources), not just today, but also to get rough estimates of future emissions based on 
rural development scenarios.  

The differences in the RAFL-index over the planning horizon were mainly due to temporal and size 
differences in clearfelling area. Overall, there was a small increase in RAFL-index over the planning 
horizon, mainly due to increased buffer zone areas, which also increased the broadleaf volume, and 
an increased area of over-mature forest. The change from Sitka spruce FMMs to the lodgepole pine 
FMM caused no major change in either landscape aesthetics or Hemeroby-index, as both species are 
exotic conifers. The changes in stewardship score was the main reason why the RAFL-index changed 
over the planning horizon. Change in the stewardship score was associated with the replacement of 
Sitka spruce FMMs in favour of the lodgepole pine FMM. For example, in the yield tables, a fully 
stocked YC 14 Sitka spruce stand would yield between 42 and 46 m3 ha-1 of harvest residue if 
clearfelled between the age of 40 and 50. Lodgepole pine on the same site, corresponding to YC 10, 
and within the same age range would yield between 76 and 126 m3 ha-1 of harvest residue if 
clearfelled. Thus, as the spruce forest was being replaced with lodgepole pine, the amount of 
harvest residue resulting from clearfelling increased, lowering the stewardship concept score. Like 
stewardship, the wilderness score (natural mortality volume) was determined by the values in the 
yield tables. Whereas clearfelling of lodgepole pine stands resulted in more harvest residue volume, 
untinned Sitka spruce stands contained between 10-30% more natural mortality volume compared 
to lodgepole pine stands of the same age (age 40-50, SS YC 14). Thus, as the area of lodgepole pine 
FMM increased and the area of Sitka spruce FMMs decreased, the natural mortality volume 
decreased causing the wilderness score to decrease. In addition, the broadleaf yield tables were 
based on intensively managed UK Forest Commission stands which do not contain mortality volume. 
So, an increase in the area of broadleaf FMMs (i.e. buffer zones) contributed to a reduction in the 
wilderness score. The increase in the visual scale score in BAU and S2 was due to an overall 
reduction in the number of stems per hectare resulting from a reduction in clearfelling, allowing 
more forest stands to mature and these forests had fewer trees in them, due to natural mortality. 
Clearfelling increased the tree number per hectare through reforestation, reduced the stand age and 
increased the volume of harvest residues - factors that all contributed to a lower RAFL-index. The 
visibility dimension score (understory) did not change in any scenario, and the historic continuity 
score did not change as afforestation and deforestation were not an option in the ALTERFOR model 
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using cFMMs. Despite early felling of spruce-broadleaf mixtures and larches, which contributed to 
the ephemera score since they are deciduous, there was a slight increase in the ephemera score due 
to broadleaves being planted in buffer zones. It is important to remember that the limits for the 
RAFL-index attributes were set subjectively and were based on achievable limits within the CSA. For 
example, the maximum score for the share of broadleaves was set to 5% as this is what would be 
biophysically possible to achieve in the CSA, since the blanket peats and wet mineral soils in the 
landscape are not suitable for broadleaves. For Ireland as a whole, the maximum share of 
broadleaves would more appropriately be set at 55-67%, based on the soil types in the current 
forest estate. Finally, the RAFL-index was based on a landscape average and ignored the possibility 
that localised areas might have high aesthetic values, where recreation could be concentrated.  

4.3.4 Climate change projections and Irish forestry 
The noDP scenarios (i.e. when only modelling climate change) showed a reduction in NPV for all 
scenarios and these findings were consistent with those of Keenan et al. (2017). Their study applied 
a Woodstock model to a forest landscape in the same part of Ireland and implemented the 
Climadapt A2 scenario YC predictions in two different scenarios: by implementing the YC changes in 
2050 in one scenario, and by implementing the YC changes in 2080 in the other scenario. However, 
instead of scaling the annual increment volumes as was done in the ALTERFOR model, they changed 
the YC of the forest stands at year 2050 and 2080, respectively, based on the Climadapt predictions. 
Cabrera Berned and Nieuwenhuis (2017) used Climadapt to predict Sitka spruce productivity in the 
south-east of Ireland. They compared the predicted YC from Climadapt’s default low-resolution soil 
maps and the predicted YC from inputting soil data from the National Forest Inventory. The same 
baseline productivity was predicted, but inputting the more accurate National Forest Inventory soil 
data resulted in mid-term and long-term projections of higher YCs at 1 to 2 m3 ha-1 yr-1 than the 
default predictions, although an overall decrease in Sitka spruce productivity was predicted 
regardless of what soil data were used (Cabrera Berned & Nieuwenhuis, 2017). All results point to a 
reduced growth rate of tree species utilised for sawlog production (except for larches and Scots 
pine), and thus, a reduced NPV for Western Peatland forests, regardless of which method was used 
and at what spatial scale climate change predictions were modelled (Cabrera Berned & 
Nieuwenhuis, 2017; Keenan et al., 2017).  

The overall implications for Irish forestry are that harvest volumes will increase in the future as 
afforestation continues and afforested stands become eligible for thinning and clearfelling (Phillips 
et al., 2016). Almost all future increases in harvest volume will be from spruce species, resulting in 
more produced sawlogs (Phillips et al., 2016). However, as stated in the report summary, these 
forecasts have not taken the impacts of climate change into account. On a national level it has been 
predicted that Sitka spruce might, on average, grow 10% - 20% slower by 2050, and up to 25% 
slower by 2080, compared to present growth rates (Cabrera Berned & Nieuwenhuis, 2017). The 
Climadapt predictions in our study showed that other sawlog producing conifer species would also 
grow slower under these climate change scenarios, and thus, the forecast of roundwood harvest 
might need to be downscaled. The annual roundwood harvest, for the island of Ireland, was 
expected to grow from 4 million m3 in 2016 to nearly 8 million m3 in 2035 (Phillips et al., 2016). The 
actual 2016 harvest volume was nearly identical to the forecasted 2016 volume (Forest Service, 
2019), so the future productivity impacts from climate change could cause the roundwood forecast 
volume in 2035 to be around 6% smaller, or nearly 500,000 m3 less, under the most extreme climate 
scenario (Climadapt A2 scenario, or S1 in this study). This is a rough estimate based on national 
average data and it might not come true if policy or management is changed, or if the climate 
change prediction is wrong. The impact on harvest volumes from the western counties (i.e. Clare, 
Cork, Donegal, Galway, Kerry, Leitrim, Limerick, Mayo, Roscommon, and Sligo), where the western 
peatlands are located, is a bit more difficult to estimate. These counties are expected to provide 
over half the harvested roundwood volume between 2016 and 2035, with 87.6% of it being Sitka 
spruce timber, 6.7% lodgepole pine, and the remainder made up by nearly equal parts other conifer 
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and broadleaf timber (Phillips et al., 2016). Not all the forests in these counties are located on 
blanket peat, especially not those in private ownership. The future harvest volume reduction from 
the western peatlands will depend on the extent of the change in composition of blanket peat 
forests, i.e. transformation from Sitka spruce to lodgepole pine, as shown in this study. This will also 
have impact on the national roundwood volume reduction, especially with regards to sawlog 
production. If Sitka spruce is maintained as the main species in the Western peatlands, the future, 
long-term sawlog harvest from existing stands will likely be reduced by nearly 15%. However, 
maintained Sitka spruce dominance in the West seems unlikely considering the overall 
unprofitability of blanket peat forests, local bans on aerial fertiliser, and overall certification 
requirements to reduce the use of fertiliser. If the forest is transformed to Sitka spruce, long-term 
sawlog production from the blanket peat forests will be nearly nil, based on our findings. Regardless 
of the dominant future FMM, total volume harvest is likely to be reduced, since lodgepole grows 
slower than Sitka spruce on the same site. 

Reliable input data are necessary to accurately predict tree species growth in a changed climate, 
especially since the climate change impact on forest productivity will likely differ widely across 
Europe. Increased stand productivity due to climate change has been predicted in an area of eastern 
Germany, which will cause an increased NPV from timber sales (Fürstenau et al., 2007). Climate 
change is also expected to increase forest productivity in boreal forests in Sweden (Bergh et al., 
2003) and Finland (Briceno-Elizondo et al., 2006; Garcia-Gonzalo et al., 2007), and in temperate-
oceanic areas of northern France (Loustau et al., 2005). Reduced precipitation and increasing 
temperatures are expected to reduce timber production in the Mediterranean area (Martínez-Vilalta 
et al., 2008). Climate change is expected to cause Norway spruce to become an unsuitable timber 
species in lowland Austria (Lexer et al., 2002), and south-western France can likely expect decreased 
forest productivity in the future (Loustau et al., 2005). Overall, regional climate models are 
preferable to generalised circulation models to accurately estimate future climate since they 
account for mountain ranges, large lakes and river systems (Koca et al., 2006). Thus, accurately 
forecasting future forest conditions and outputs by implementing climate change impacts in a 
FMDSS will depend on the spatial scale at which climate change is modelled, and thus how well 
management decisions can be adjusted to meet future challenges. The Climadapt predictions 
identified different future productivities in the northern, central, and western parts of the CSA for 
the species with decreasing productivity: Sitka spruce (Figure 50), ash, Norway spruce, oak, and 
sycamore (Figure 17). The same pattern was observed for the species with increasing productivity: 
beech, birch, larch, and Scots pine (Figure 16). A future research opportunity exists by implementing 
climate change impacts at different spatial scales and evaluating if there are large differences in 
matrix build time and optimal landscape management approaches of using more locally specific, 
higher resolution climate change productivity estimations. It should be noted that the climate 
change data in Climadapt is scaled down from a low-resolution dataset (Ray et al., 2009), and that 
using higher resolution data might be useful in improving the forecasting precision and accuracy of 
the climate change impacts and how they will affect productivity and species suitability in the future 
CSA forest landscape.  
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Figure 50. Three areas with slightly different future productivity for Sitka spruce in S1. A YC value of 100% means that the 
species productivity remained unchanged, <100% means that productivity decreased, and >100% means that productivity 
increased. 

4.3.5 Productivity and Sitka spruce Yield Class 
Species that produced reduced growth as a result from climate change were not excluded as 
reforestation options in the model. A more suitable species would be chosen for reforestation on a 
site if it would better fulfil the objective function while adhering to the constraints. For example, in 
S1 a site planted with Sitka spruce YC 14 suffering a 15% growth reduction would still produce a 
faster growing Sitka stand than a lodgepole pine stand of YC 10 benefiting from a 10% growth 
increase on the same site, and whichever species best fulfilled the objective would be chosen. In this 
example, Sitka spruce would have a YC of 11.9 and lodgepole pine a YC of 11.0. Further, since the 
model maximised NPV, differences in mill-gate prices between sawlog and pulpwood would also 
affect species choice, which was discussed above in section 4.3.2. 

The Sitka spruce Yield Class (SS YC) prediction model accurately predicts the average SS YC for sites 
with the same elevation and soil type, but at the expense of a loss of detail for the individual stands 
with higher or lower YC than the average site. The estimated average YC in 2016 for all blanket peat 
sites dominated by Sitka spruce in the CSA was 15.54, while the observed average YC in 2016, based 
on the Coillte inventory for the corresponding stands in the CSA, was 14.98 (Figure 51, Figure 52). 
However, the SS YC prediction model estimated that 23% of the forested CSA has SS YC 14 and 77% 
has SS YC 16. Whereas the observed SS YC indicated that 20% of the forested area had SS YC 12 or 
less, 34% had YC 14, 37% had YC 16, and 9% of the area had YC 18 or higher. After analysing the 
initial results and discussing them with Coillte forest resource managers, it was decided not to use 
the SS YC prediction model to assign site productivity during reforestation. Species-specific YCs could 
not be maintained in the ALTERFOR model as dvtyps transitioned, as it was lost when the site was 
clearfelled. Thus, to keep the original Coillte field observed productivity in the theme attributes 
during dvtyp transitions, it was necessary to transform the individual species YC to SS YC (using the 
SS YC conversion table, Table 9). Thus, the Coillte field observed YCs, transformed to SS YCs, were 
used throughout the planning horizon and the original site productivity was maintained in the theme 
attributes when the species changed during reforestation. Climate change affected all volume 
related yields in the ALTERFOR model, which were read from the yield tables, so the climate change 
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impact did not alter the theme attribute for site productivity. Using the actual information on the 
stands with higher and lower YCs than the average stand was also of interest for the research 
covered in the next chapter, where several new FMMs were developed to suit unfertilised blanket 
bog sites.  

 

Figure 51. Coillte field observed and estimated, based on Farrelly et al. (2011b), SS YC by area, for all forested sites in the 
CSA at the start of the planning horizon. 

 

Figure 52. Coillte field observed and estimated, based on Farrelly et al. (2011b), SS YC by area, for all forested blanket peat 
sites in the CSA at the start of the planning horizon. 

4.3.6 Climate change - Individual polygons extreme proportional YC change 
Implementing the climate change induced YC change as a polygon specific annual YC change for all 
11 species, would result in utilising all of Woodstock’s 25 themes and a large matrix size, mainly due 
to the large number of additional future dvtyps. Many of the individual polygon YC changes 
appeared to be unrealistic, with several polygons having extreme YC changes, i.e. values outside the 
continuous range from 50% to 150% of the original YC (see section 2.10.1.3). For instance, some 
polygons had a proportional YC change for beech of 5,000%, i.e. beech YC 5 in 1990 would be YC 250 
in 2080. However, these extreme changes in YC mainly appeared in small polygons adjacent to lakes. 
Upon reviewing the future scenario raster maps used in Climadapt, it was noted that the extreme 
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proportional YC changes were due to missing data in the raster maps for soil moisture (both for 
winter and summer soil moisture). Data were missing for pixels along the shores of Lough Corrib and 
near the small lakes and ponds that are spread throughout the upland areas of the CSA. Thus, when 
calculating the future YC, the soil moisture variable’s contribution to the YC equation was lost due to 
missing data, resulting in extreme YC change for some species. Removing the 76 polygons which 
displayed extreme change data (outside the 50% to 150% range mentioned previously) from the 
calculation of area weighted average YC change value, led to the exclusion of 1.9% of the forest area.  

4.4 Conclusion 
The Remsoft Woodstock based ALTERFOR FMDSS was used to model climate change and dynamic 
prices in Ireland by using modifiers on volume and price outputs, meaning that yield tables did not 
have to be changed, but the availability of reliable data is essential to get realistic results. The impact 
of climate change was implemented in the ALTERFOR model by annually scaling all volume-based 
outputs. Dynamic timber prices were implemented by multiplying an annual price change factor with 
the timber revenues from thinning and clearfelling. The implementation of external global factors in 
the model could have been done in other ways, as mentioned in the discussion. The ALTERFOR 
model used annual change values to avoid sharp increases/decreases in external factor impacts, as 
opposed to implementing the full effect of Climadapt’s climate change predictions in the year 2080, 
as well as changing the dynamic timber prices only every 10 years. This was done because changes in 
demand for timber and climate change impacts are more likely to occur slowly over-time, than large 
sudden changes happening between years. Furthermore, this partly avoided another problem where 
linear programming optimisation would save stands for clearfelling until the one year with sharp 
increases in assortment prices. The inclusion of theses external factors and the ES indicators, which 
were assessed in Chapter 3 fulfilled research objectives 1 (Develop a FMDSS for Irish forestry that 
incorporates the annual external effects of climate change and expanding bioeconomy) and 2 
(Include ESs indicators in the FMDSS to enable assessment of the long-term impacts of climate 
change and expanding bioeconomy on forest management, forest ecosystem services and forest 
landscape composition in Western Ireland).  Compared to the other ES indicators, the global 
scenarios had the most impact on NPV, which the objective function was to maximise, and thus also 
harvested timber and clearfelling area. The future higher demand for wood, combined with 
increasing assortment prices, offset the negative effects of climate change on tree growth in the 
CSA. Coniferous tree species used to produce sawlog in the CSA will be negatively impacted by 
climate change, but lodgepole pine will grow slightly better. The results for the other ES indicators 
showed small differences between the scenarios, with the most substantial differences observed for 
the ES indicators that are affected by clearfelling, i.e. water quality, windthrow risk, and 
attractiveness for recreation. It is important to highlight that other factors, both biophysical and 
policy ones, significantly affected changes in forest composition and reduced the forest 
management options in the area. The poor soil conditions combined with the prohibition on aerial 
fertilisation made lodgepole pine the only suitable species on blanket peat soils after reforestation, 
which largely affected the results of these scenario runs. In addition, policy restrictions led to 
increased buffer zone areas, reducing the productive forest area but impacting positively on several 
ES indicators. Finally, future policy changes were not considered in these scenario runs, but these 
could have large impacts on the optimal forest composition and management actions. Developing 
and implementing alternative forest management models other than stands of pure lodgepole pine 
for pulpwood production may result in greater forest profitability, a more diverse forest composition 
and an increase in the supply of ESs. This is investigated in the next chapter. 
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5 Alternative Forest Management Models 
Part of the ALTERFOR project’s aims was to develop alternative forest management methods that 
could supply higher levels of ecosystem services (ESs) compared to those provided by the current 
Forest Management Models (cFMMs), especially under future climate conditions. In this chapter the 
development of these alternative Forest Management Models (aFMM) is presented, together with 
the methodology used to implement them in the ALTERFOR model, and the results of running the 
model with them included (Figure 53). Their assessment focused on the forest areas that the aFMMs 
were used on, their impact on the NPV, and the provision levels of ESs in the Case Study Area (CSA). 
The aFMM results were also compared to the cFMM results, since the aFMMs’ performance should 
be referenced to current forest management in the CSA.  

 

Figure 53. Research described in Chapter 6: red colour, within the context of the entire thesis. Stakeholder were interviewed 
to identify forest policy conflicts, which led to the development of suitable aFMMs. These aFMMs were assigned ES 
indicator and other yields before the ALTERFOR model was run using the future global scenarios to evaluate forest ESs 
under each scenario when optimising for maximum NPV using both cFMMs and aFMMs. 

5.1 Development of aFMMs 
When the Irish afforestation programme was initiated in the early 20th century, it was decided that 
only land that was not suitable for agriculture should be afforested (Gray, 1963). Afforestation was 
largely driven by the need for a national timber supply and to create jobs in disadvantaged rural 
areas (Neeson, 1991). Thus, large areas of blanket bog were afforested using intensive drainage 
methods and extensive fertiliser application (Renou-Wilson & Byrne, 2015), resulting in over 30% of 
Irish forestry being located on blanket bogs along the western sea board (Forest Service, 2013). 
Today, blanket bog forestry is seen in a different light, with questions being asked about its 
sustainability and viability. Interviews were held with forestry stakeholders between November 2016 
and January 2017, getting their opinions about their ideas of what an ideal forest consist of, their 
preferences for ES provision levels, and any conflicts they perceive in the current forest policies 
(Juerges & Krott, 2017). Some of the key findings were: 

• Forest managers indicated that forests on blanket bogs often have poor timber quality and 
managing some of these sites results in a net cost. 

• Environmental NGOs prefer to see natural blanket bog and native woodlands instead of 
exotic conifer plantations. 
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• Anglers and other water quality stakeholders were concerned about the effect of 
eutrophication and siltation on salmon stocks and Freshwater Pearl Mussels (FPMs) in 
catchments dominated by forests on peat soils.  

The main objective when developing aFMMs was to find less intensive management systems, to 
avoid using fertilisers, and to focus more on the environmental aspects of forest management. Thus, 
the aFMMs were designed to tackle the abovementioned issues and conflicts, provide higher levels 
of ES supplies and a more preferred mix of them, and be feasible for forest management to establish 
in terms of having a low establishment cost. Job creation is no longer a priority in forestry on peat 
soils; instead, other social values such as tourism, angling, and hillwalking are today important 
services that were taken into consideration when developing the aFMMs. The aFMMs were 
developed without pushing the limits of available silvicultural knowledge or going far outside of 
current forest policy. The main objectives behind each of the aFMMs that were developed were:  

• To have less intensively managed blanket bog forests, by planting lodgepole pine in a range 
of low-stocking densities, and by thinning current lodgepole pine stands to a lower stocking 
density than used in standard practices. 

• To increase sawlog output, timber quality, and broadleaves in the landscape by planting 
mixtures of Sitka spruce and downy birch, with the birch acting as a nurse species. 

• To restore blanket bogs to their natural condition. 
 

5.1.1 Low-stocked lodgepole pine stands 
The low-stocked lodgepole pine aFMMs came about as a result from consultations with Coillte. As 
lodgepole pine assortments in Ireland are only utilised for bioenergy and wood-panel board 
production, planting lodgepole pine in standard densities (2,500 stems ha-1) might not be necessary, 
as stand volume is of interest rather than stem straightness, knottiness and stem diameter. Thus, to 
reduce planting costs while fulfilling the policy requirement to re-establish forest on low-
productivity sites after clearfelling, two low-stocked lodgepole pine aFMMs were developed, one 
involving planting at 1,600 stems ha-1 and the other at 1,100 stems ha-1. These low-stocked 
lodgepole pine plantation aFMMs were developed to improve the biodiversity ESs indicator, 
compared to the standard stocking, since the long term retention of forests has been recognised to 
enhance biodiversity (Tiernan, 2007). The assignment of yield tables and ESs indicators to the 
aFMMs is described in the next section, 5.2 Implementing aFMMs in the ALTERFOR model. 

The management actions associated with the 1,600 stems ha-1 lodgepole pine aFMM involve 
reforestation using uniform spacing, followed by clearfelling around age 50 for pulpwood 
production, thus providing cheaper fibre for the industry. High costs for reforestation and 
transportation to processing plants, coupled with a low-value assortment often results in a negative 
NPV for lodgepole pine on blanket peat managed using traditional methods. By lowering the 
establishment cost, a positive NPV can be achieved in many cases, even though the volume 
production was about 30% lower for the 1,600 stems ha-1 aFMM, compared to the fully stocked 
lodgepole pine cFMM. Using a lower stocking at establishment will increase the rotation age, which 
could increase the biodiversity value, and, potentially, result in more natural establishment of native 
woodland species in lower stocking aFMM. 

The management actions associated with the 1,100 stems ha-1 lodgepole pine aFMM involve 
reforestation by planting trees in small groups with natural boundaries (i.e. not straight), where the 
group stocking density is 2,500 m3 ha-1, and the rest of the site is open space. This aFMM was 
intended for sites with such low productivity where even the aFMM lodgepole pine at 1,600 stems 
ha-1 cannot be utilised to achieve a positive NPV. Therefore, the stand is left unmanaged after 
afforestation to avoid the negative NPV associated with the future harvest and reforestation of low 
productivity stands with low-value assortments and high transportation costs. The lodgepole pine at 
1,100 stems ha-1 produced around 40% lower volume compared to the fully stocked lodgepole pine 
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cFMM. Leaving the forest unmanaged increases the biodiversity value through the development of 
over-mature forests and, potentially, the natural establishment of native woodland species in the 
open spaces in the forest. This aFMM reduces the environmental impacts associated with forestry 
operations and avoids the administrative application process associated with the deforestation of a 
site. Deforestation can be permitted for commercial development, public utilities, constructing 
windfarms, conversion to agricultural land, and to protect the habitats of certain species in 
Natura2000 areas, but it may not be approved just because the site has low productivity (Forest 
Service, 2017a). These sites are evaluated on a case-by-case basis and if it is permitted to deforest a 
site due to low productivity, it may be necessary to afforest an equally large area elsewhere.  

A third aFMM was developed based on experiences obtained in Wild Nephin, a large wilderness area 
on blanket peat in county Mayo. Parts of the forest were recently thinned down to 400-500 stems 
ha-1 and taken out of commercial management. The long-term objective of this management 
approach is wilderness creation. To replicate this in the CSA, an aFMM called “Nephin thin” was 
included that involved the thinning of existing lodgepole pine stands to around 500 stems ha-1 and 
then taking the site out of management. The long-term objectives for “Nephin thin” and lodgepole 
pine at 1,100 stems ha-1 are the same. 

5.1.2 Sitka spruce under birch nurse – Modified Kronoberg 
The Sitka spruce with birch as a nurse species was suggested by Kevin Black (forestry consultant and 
ALTERFOR carbon ES expert). The idea for this aFMM came from the observation of highly 
productive Sitka spruce during a field day in the CSA. While working on the BOGFOR programme 
(Renou-Wilson et al., 2008), Kevin Black had evaluated the potential of Sitka spruce-birch mixtures 
established on cutaway peat (Black et al., 2017b). Mixtures on cutaway peat have shown higher 
volume production and higher crop survival, compared to monocultures of Sitka spruce on the same 
sites. Although these mixtures were established on cutaway peats (harvested raised bogs), the 
potential exists to try this silvicultural system on blanket bog sites (Black, 2018). This aFMM and its 
test sites in the BOGFOR programme were heavily influenced by the Swedish Kronoberg system 
(Johansson, 1992), with the main difference being that the birch is planted in the aFMM, due to the 
absence of a sufficient birch seed source in many parts of Ireland. The aFMM was thus referred to as 
the “Modified Kronoberg system” or MKB, and its main objectives were to produce sawlog, from the 
Sitka spruce, and increase the broadleaf volume in the forest landscape, as well as utilising the birch 
for firewood.  

5.1.3 Bog restoration 
Bog restoration is not entirely new to Ireland: as part of the EU LIFE project LIFE02 NAT/Ire/8490 
circa 2,000 ha of blanket bog were restored and half of it had previously been covered by plantation 
forest (Coillte, 2008). Additionally, 1207.2 ha of raised bog have been restored on Coillte land as part 
of other LIFE projects (LIFE04 NAT/IE/000121 and LIFE09 NAT/IE/000222). However, blanket bog 
restoration is not part of a forester’s everyday toolbox, but it is strongly supported by opponents of 
blanket bog forestry. Thus, an aFMM was included to investigate its potential in the landscape and 
its impact on ES provision levels. Special permission from the Forest Service is required to deforest a 
site prior to the start of the bog restoration process. Drains, and to some extent deep plough 
furrows, need to be filled in to raise the water level and saturate the site. Rather than filling in 
drains, corrugated plastic or metal sheets can be installed to act as dams. Brash and stumps are 
often left on site, and no seedlings are planted after the clearfelling. 

5.2 Implementing aFMMs in the ALTERFOR model 
Taking an aFMM from an idea and implementing into the ALTERFOR model required a considerable 
amount of work and the amalgamation of all essential data, especially on stand development and 
assigning ES indicators. In this section the implementation work is described, dealing with growth 
and yield tables, ESs indicators, cost and revenues, and forest management prescriptions, for the 
five aFMMs: 



157 
 

• Lodgepole pine fibre – planted at 1600 stems ha-1, called LP1600. 

• Lodgepole pine biodiversity – planted at 1100 stems ha-1, called LP1100. 

• Nephin thin - thinning of existing lodgepole pine stands to around 500 stems ha-1, called 
Nephin thin. 

• Modified Kronoberg system – Sitka spruce using birch as a nurse species, called MKB. 

• Bog restoration – restoration of bog to its natural state. 

5.2.1 Growth and yield tables 
The empirical growth model GROWFOR was used to produce yield tables for all the aFMMs, except 
for the MKB aFMM. The growth of unthinned lodgepole pine was simulated using GROWFOR, with 
starting densities of 1,600 and 1,100 stems ha-1 for the lodgepole pine fibre and lodgepole pine 
biodiversity aFMMs, respectively. The Nephin thin growth and yield tables were produced based on 
lodgepole pine stands with an initial stocking of 600 stems ha-1, which through natural mortality was 
reduced to around 500 stems ha-1 after 40 years. GROWFOR was used to produce yield tables for the 
full range of YCs and the actual number of trees at 40 years of age varied slightly for Nephin thin, 
depending on YC. This low-stocking density has not been tried previously in Irish forestry except in a 
few recently established stands, and GROWFOR was operating at the extremes of the data that went 
in its models. The aim was to use GROWFOR to produce yields for at least 60 years. However, 
GROWFOR did not manage to produce yield table values for lodgepole pine stands with the 
following combinations of initial density and corresponding SS YC: 

• 1,100 stems ha-1 SS YC 28-30, age 59 – 60. 

• 600 stems ha-1 SS YC 16-26, age 60. 

• 600 stems ha-1 SS YC 28-30, age 54-60. 

Although blanket peat sites with an equivalent SS YC of 26 - 30 were rare in the CSA, it meant that 
the growth and yield tables will be less reliable for low-stocked stands approaching 60 years of age, 
regardless of site productivity. 

The MKB yields were based on observations from the BOGFOR programme (Renou-Wilson et al., 
2008), and the tree-based growth model CARBWARE (Black, 2016) was used to produce the MKB 
growth and yield tables. CARBWARE simulates growth for true mixtures, with inter-species 
competition and intra-tree competition, making it more suitable to model mixed stands than 
GROWFOR. The growth and yield tables contained 40 years of growth with intermittent thinnings, 
followed by clearfelling.  

The bog restoration aFMM did not require growth and yield tables since restored bog sites do not 
contain trees.  

5.2.2 ALTERFOR model forest management actions 

5.2.2.1 Low-stocked lodgepole pine 
The three low-stocked lodgepole pine aFMMs had very simple management schedules and all were 
eligible on forested blanket peat sites:  

• LP1600 was planted uniformly over the site using a density of 1,600 stems ha-1, and the 
stand was eligible for clearfelling once the top height was between 18 and 26 m, the normal 
clearfelling eligibility for conifers.  

• LP1100 was planted using a density of 1,100 stems ha-1and left to develop freely, i.e. no 
further management interventions.  

• Nephin thin was created by heavily thinning existing lodgepole pine dominated stands that 
were between 26 and 50 years of age. After the heavy thin, the stand was left to develop 
freely. Comparing lodgepole pine yield tables revealed that stands with 2,500 stems ha-1 (at 
establishment) held circa 63% more standing volume than a stand established with 600 
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stems ha-1 at any age and YC. Thus, the Nephin thin action functioned as a thinning that 
removed 63% of the standing volume and transitioned the stand to the 600 stems ha-1 
growth and yield tables. 

Running the ALTERFOR model ran into problems when having to evaluate all eligible cFMM and 
aFMM options on all deep blanket peat sites, over the whole planning horizon. Optimising NPV for 
this multitude of options caused computational problems, where Woodstock used all RAM the 
computer had, as well as very long solve times of more than 40 hours per scenario. These issues 
were resolved by limiting the eligible sites that lodgepole pine FMMs could be established on. The 
ALTERFOR model was run for the Business As Usual (BAU) scenario and the three global scenarios 
using a subset of 100 blanket bog dvtyps that represented all possible YCs and had different start 
ages. The results were analysed to discover which FMMs were used to reforest sites of certain YCs, 
and this allowed for the exclusion of reforestation options that were never chosen and resulted in a 
reasonable solve time for the ALTERFOR model. Lodgepole pine FMMs were made eligible 
reforestation options in all scenarios if at least one reforestation action of that FMM, for that YC, in 
any scenario was chosen in the restricted model. The evaluated FMMs and their restricted YC range 
can be found in Table 72.  

Table 72. aFMMs with the range of eligible Sitka spruce YCs, facilitating the solving of the ALTERFOR model 

aFMM Lowest eligible SS YC Highest eligible SS YC 

Lodgepole pine 2,500 stems ha-1 18 30 

LP1600 8 20 

LP1100 8 20 

Nephin thin 4 16 

 

5.2.2.2 Modified Kronoberg aFMM 
The first step in implementing MKB was to identify site factors that made a site suitable for this 
aFMM. Peat depth is unknown for most blanket peat forest sites in Ireland, but it is a major factor 
affecting site productivity and crop survival. Since the BOGFOR cutaway bog Sitka spruce-birch 
mixtures were established on sites with 0.3-0.8 m peat depths, it was recommended that the MKB 
should be limited to sites with peat no deeper than 0.5 m (Black, 2018). The Galway wind park 
Environmental Impact Statement contains peat depth maps for parts of the Cloosh Valley Forest, 
produced by an engineering consultancy (Fehily Timoney & Company, 2011). These maps were 
imported to ArcGIS, georeferenced, and the areas with peat cover shallower than 0.5 m were 
delineated. These shallow peat areas, which totalled 317 ha, were intersected with the land-use 
layer to create new delineated stands. Some of the delineated shallow peat soils were listed as 
having mineral soil or peat over mineral soil (i.e. < 30 cm peat layer over mineral soil) in the land-use 
layer, and these sites were excluded as eligible for the MKB aFMM, since Sitka spruce can already be 
established on these sites. Additionally, all intersected shallow peat polygons smaller than 1 ha in 
size were removed from the shallow peat dataset. The final area of identified shallow peat was 213 
ha. Since the peat depth data only covered a part of the CSA it is possible that the true area of 
shallow blanket peat is larger than 213 ha. However, this was the only available data and therefore 
the MKB aFMM could only be applied to this small area.  

Woodstock’s Analysis Areas function (used to portion off future, potential buffer zones) was used to 
keep the shallow peat part of a stand together with its original polygon, now classified as having 
deep peat. When either portion of the original polygon (shallow or deep peat) was subjected to a 
future clearfelling, both the shallow and deep peat polygons were clearfelled. The shallow peat 
polygon would then be eligible for management with the MKB aFMM, while the deep peat would be 
eligible for reforestation with a lodgepole pine FMM or for bog restoration.  
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MKB management starts with planting a mixture of 50% Sitka spruce and 50% downy birch in 
alternating rows, at 2 by 2 m spacing, resulting in 2,500 trees ha-1 (Black et al., 2017a; Black, 2018). 
After reforestation, three thinnings are applied at ages 21, 27, and 34 years, and the stand is eligible 
for clearfelling at age 40 (Table 73). Theoretically, the stand could be retained but the yield tables for 
MKB did not extent beyond age 40. The first thinning only removes birch, while all the remaining 
birch and some of the Sitka spruce are harvested in the second thinning. The third thinning only 
removes Sitka spruce trees.   

Table 73. Overview of the management prescriptions for the Modified Kronoberg System  

Prescription Age Downy birch Sitka spruce 

Planting 0 1,250 stems ha-1 planted 1,250 stems ha-1 planted 

Thinning 1 21 Thinned from 1,250 to 506 stems ha-1 Unthinned, 1,250 stems ha-1 

Thinning 2 27 
Birch harvested; all 506 stems ha-1 

removed 
Thinned from 1,250 to 1,101 stems ha-1 

Thinning 3 34 - Thinned from 1,101 to 536 stems ha-1 

Clearfell 40 - 
Sitka spruce harvested; all 536 stems ha-1 

removed 

 

5.2.2.3 Bog restoration 
Suitable sites for bog restoration include areas with environmental policy designations, low YCs, and 
with the presence of certain sphagnum mosses and other indicator plant species (Neville, 2018). 
Additionally, knowledge about the historic establishment methods is important as it indicates the 
degree of disturbance of the site. As the land-use layer does not contain information on the 
presence of indicator species or the historic degree of disturbance, the environmental policy 
designation was the only determining factor used, making bog restoration an eligible aFMM for 
clearfelled Coillte sites designated or adjacent to a SAC, an SPA, or both. The Bog restoration aFMM 
was not restricted by YC.  

5.2.3 Costs and revenues 
Similar methodology used for determining the cFMM reforestation costs was used to calculate the 
aFMM establishment costs: 

• Coillte provided the cost for planting lodgepole pine at 1,800 stems ha-1, at €1,900 ha-1 
(Landy, 2018). The cost of planting fully stocked lodgepole pine at 2,500 stems ha-1 was 
€2,500 ha-1. Thus, reducing the planting density did not result in a linear reduction of 
planting cost, partly because the tree planters still need to walk over the entire site. Based 
on this information, the establishment cost of the LP1600 and LP1100 aFMMs was estimated 
at €1,689 ha-1 and €1,161 ha-1, respectively.  

• There was no cost of establishing Nephin thin, since harvest revenue minus the costs for 
felling, extraction, and haulage was typically a positive value – this aFMM would not be 
selected in the model if the value was negative.  

• The reforestation cost for the MKB aFMM was calculated by summing half the cost of 
planting one hectare of Sitka spruce and half the cost of planting one hectare of birch, 
totalling €2,965 ha-1.  

• Bog restoration costs €2,000 ha-1 (Coillte, 2008). Revenues from clearfelled timber on the 
restoration site was calculated as normal and did not affect the bog restoration cost. 
However, if the discounted harvesting revenue was lower than the discounted restoration 
cost this aFMM would not be selected in the model. 

The same method used to calculate cFMM mill gate prices (standing wood value minus costs for 
felling, extraction, haulage, and enhanced environmental consideration costs) was used for the 
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aFMMs. The harvest volume from the LP1600 aFMM was all pulpwood. The birch from MKB was 
utilised as firewood, and the MKB Sitka spruce was utilised as sawlog and pulpwood, based on 
average tree size. Harvesting to create a Nephin thin site only produced lodgepole pine pulpwood 
from the lodgepole pine trees and any other trees in the stand were utilised as standard (i.e. 
broadleaves for firewood and other conifers as sawlog and pulpwood, based on average tree size). 
Once the Nephin thin was established there was no further harvesting in this aFMM, and the same 
was true for the LP1100 aFMM. The bog restoration aFMM did not produce any future timber once 
established, but the harvesting prior to restoring the bog was treated as a normal clearfell.  

5.2.4 aFMMs and Ecosystem Service indicators 
Most ES indicator values for the aFMMs were derived from the yield tables, using the same 
methodology as for the cFMMs (as explained in 2.9 Ecosystem Service yields). However, some of the 
RAFL-index linked cultural ES indicator values depended solely on the FMM type and these are 
presented in Table 74. Even though one of the predicted benefits of the low-stocked lodgepole pine 
aFMMs is that they would allow for natural regeneration of native species, the lack of proper, 
empirical data to support this resulted in zero values for understorey for all aFMMs.  

Table 74. RAFL-index values associated with the five aFMMs 

aFMM Hemeroby index Understorey 

LP1600 1.00 0.00 

LP1100 0.75 0.00 

Nephin thin 0.67 0.00 

MKB 0.75 0.00 

Bog restoration 0.00 0.00 

 

5.3 Modelled scenarios  
The only modification to the ALTERFOR model, as used previously, was the addition of the aFMMs to 
the cFMMs, with all other model parameters kept unchanged, including the objective function. The 
main objective in most Irish forests is the maximisation of NPV, while complying with all policies and 
regulations. Therefore, the objective function in the model that maximises NPV should result in a 
realistic implementation of the aFMMs. Additionally, it provides guidance to forest managers on 
which types of sites the different aFMMs can be used to improve net revenues and produce better 
and more balanced ES provision levels. The main scenarios, i.e. BAU, S1, S2 and S3, were modelled to 
assess the degree to which the aFMMs were implemented in the different global scenarios, the 
cFMMs they replaced, and their impact on the ESs, compared to the results from the cFMM 
scenarios. 

To assess the maximum feasible implementation area of each aFMM in the forest landscape, the 
BAU scenario was used and the objective function was modified six times to maximise the total area 
of each aFMM individually over the entire planning horizon. These runs were named 
Max_aFMM_BAU, where aFMM refers to LP1600, LP1100, Nephin thin, MKB, Bog restoration, and 
Open bog restoration, respectively. Open bog restoration was a modification where bog restoration 
was not restricted to Natura2000 areas. Open bog restoration was not included in the main runs but 
is included here to analyse the area of bog restoration that would be established if the Natura2000 
designation requirement was removed. Additionally, the scenarios with the most extreme timber 
price differences (i.e. BAU and S3) were run using the default objective function (i.e. maximise NPV) 
and these were referred to as Only_aFMM_BAU and Only_aFMM_S3. However, these scenarios only 
included one of the aFMMs in each run, i.e. either LP1600, LP1100, Nephin thin, MKB, Bog 
restoration or Open bog restoration was the only eligible aFMM in each scenario. The Only_aFMM 
scenarios facilitated an analysis of the extent of the total forest area where each individual aFMM 
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would be established in preference of the cFMMs. The YC restriction on the lodgepole pine cFMM 
and lodgepole pine aFMMs (Table 72) was only maintained in the four main scenarios to enable 
Woodstock to solve the ALTERFOR model in reasonable time. The Max_aFMM and the Only_aFMM 
scenarios could be solved without the YC restriction because each scenario only contained one 
aFMM each, resulting in fewer future dvtyps, compared to the main scenarios which included all 
aFMMs (except Open bog restoration). In summary, the five aFMMs that were included in all model 
runs were LP1600, LP1100, Nephin thin, MKB, and Bog restoration, with Open bog restoration being 
included in the Max_aFMM_BAU, Only_aFMM_BAU, and Only_aFMM_S3 scenarios. The following 
23 aFMM scenarios were modelled: 

• Main aFMM scenarios: BAU, S1, S2, and S3, using a combination of all cFMMs and all 
aFMMs to assess the extent of the implementation and the impact of aFMMs under the 
global scenario conditions. The objective was to maximise NPV from mill gate sales, using 
the same constraints as in the main cFMM scenarios. The main scenario results were 
evaluated based on FMM areas, NPV and ES indicator values, and are presented in sections 
5.4.3, 5.4.4, and 5.4.55.4.5. Additionally, the S1 was run without compressed time 
(S1_no_CompTime), but these results were only evaluated on model run time.  

• Max_aFMM_BAU contained six BAU scenarios with each one allowing only one of the 
aFMMs (bog restoration had two options) to be implemented. The objective function was to 
maximise the area of the one aFMM in each scenario. The scenario results were evaluated 
based on the established aFMM area throughout the planning horizon and NPV, and they 
are presented in section 5.4.2.  

• Only_aFMM_BAU contained six BAU scenarios, with each scenario only allowing one of the 
aFMMs to be implemented, and with an objective function to maximise NPV. These scenario 
results were evaluated based on the established aFMM area and NPV, and they are 
presented in section 5.4.2.  

• Only_aFMM_S3 contained six S3 scenarios, with each scenario only allowing one of the 
aFMMs to be established, and with an objective function to maximise NPV. These scenario 
results were evaluated based on the established aFMM area and NPV, and they are 
presented in section 5.4.2.  

5.4 Results: aFMMs and global scenarios 
The results section mainly concerns the four main scenarios, BAU, S1, S2, and S3, using both cFMMs 
and aFMMs. It also contains results on the maximum eligible area of each aFMM, as well as the 
implementation area when only one aFMM was allowed. The result section ends with a comparison 
of ES indicator provision levels in the cFMM and aFMM scenarios. 

5.4.1 ALTERFOR model runs – alternative FMMs 
Matrix build time, solve time, and total run time is only presented for the main scenarios and not for 
the Max_aFMM or Only_aFMM scenarios (Table 75). Overall, the total run times were reasonable, 
even if they were longer than those for the cFMM scenarios. The S1 scenario run without 
compressed time (S1_no_CompTime) had a four hour longer total run time and three of those extra 
hours were spend building the matrix. This scenario evaluated more than twice as many actions as 
S1, but only scheduled an additional 79 actions, and resulted in an additional NPV of € 89,925. 
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Table 75. Matrix build time (hour: minute: second), solve time (hour: minute: second), total scenario run time (hour: minute: 
second), the number of potential actions, and the number of scheduled actions, for the four main aFMM scenarios and the 
aFMM S1 scenario run without compressed time 

aFMM Scenario Matrix build  Solve time  Total run time Potential 
actions 

Scheduled 
actions 

BAU 01:14:27 00:00:18 05:34:19 1,167,182 5,428 

S1 01:12:07 00:00:18 05:45:09 1,167,182 6,428 

S2 01:26:03 00:00:18 05:31:25 1,167,180 6,140 

S3 01:12:13 00:00:18 05:24:58 1,167,180 6,800 

S1_no_CompTime 04:08:52 00:00:46 08:40:12 2,633,747 6,507 

 

5.4.2 Extent of aFMM implementation in the Max_aFMM and Only_aFMM scenarios 
Although the results of the Max_aFMM and Only_aFMM scenarios were not analysed for ESs, they 
are presented before the main aFMM scenarios to provide an indication of the maximum eligible 
area of each aFMM, as well as the extent of the area in which each aFMM was implemented when 
combined with the cFMMs but in isolation of the other aFMMs, when maximising NPV.  

There was little difference in the final aFMM areas at the end of the planning horizon (i.e. 2107-
2116) associated with a particular aFMM for the Max_aFMM and the Only_aFMM scenarios for 
LP1600, LP1100, and MKB (Table 76). These three aFMMs were all established on large areas in the 
first three decades when maximising NPV, for both the BAU and S3 scenarios, which highlights their 
beneficial properties for forest profitability. The MKB scenario resulted in the production of timber 
of sawlog quality, which has a much higher mill gate price than pulpwood.  

When Nephin thin was the only eligible aFMM, it was implemented on 5,274 ha, 3,360 ha, and 2,547 
ha by 2116 for the Max_aFMM_BAU, Only_aFMM_BAU and Only_aFMM_S3 scenarios, respectively. 
For the Only_aFMM scenarios, 70% of the total Nephin thin area in the BAU and 82% of the total 
Nephin thin area in the S3 scenario was established in the last four decades, while the corresponding 
percentage for the Max_aFMM_BAU scenario was only 10%.  

The Bog restoration aFMM was not implemented to its fullest extent possible in the Only_aFMM 
scenarios that maximised NPV. In both Only_aFMM_BAU scenarios, most of the Bog restoration 
aFMM implementation had been done by the year 2057-2066, with the Only_aFMM_S3 restoring a 
large area of bog in the final 10-year period.  

The cFMM BAU and S3 scenarios resulted in a NPV of €16.69 million and €26.06 million, respectively, 
and all BAU and S3 scenarios that used only one aFMM achieved a similar or higher NPV than was 
achieved in their corresponding cFMM scenarios (Table 76). However, the difference in NPV was 
very small for most of the Only_aFMM scenarios, with LP1600, LP1100, and MKB resulting in the 
largest increases in NPV, especially for the BAU scenario.  

These results have illustrated the maximum area that the individual aFMMs can be implemented on, 
when they were added to the cFMMs one at a time. Additionally, these results illustrated that the 
aFMMs improved the ALTERFOR model objective to maximise NPV when added one at a time, and 
that the ALTERFOR model decided to implement them on large areas of the forest landscape. 
However, the idea was that the aFMMs should complement each other and that they should be 
established on sites with different characteristics, such as productivity. Adding all aFMMs to the 
cFMMs in the ALTERFOR model and analysing the solutions in terms of their impacts on maximum 
NPV and the ES indicators under different global scenarios is the focus of the remainder of this 
chapter. 
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Table 76. Implementation of aFMMs when only allowing one aFMM per scenario. Scenarios were run maximising the aFMM area using the BAU scenario, maximising NPV using the BAU 
scenario, and maximising NPV using the S3 scenario. Total aFMM areas in ha are presented as average decennial values. Max_aFMM_BAU refers to the maximum aFMM area using the BAU 
scenario, Only_aFMM_BAU and Only_aFMM_S3 refer to scenarios using only one aFMM while maximising NPV, for the BAU and S3 scenarios, respectively  

aFMM  Scenario 
2017-
2026 

2027-
2036 

2037-
2046 

2047-
2056 

2057-
2066 

2067-
2076 

2077-
2086 

2087-
2096 

2097-
2106 

2107-
2116 

NPV 
(€ millions) 

 Average decennial area (ha)  

LP1600 - Lodgepole pine fibre 
1,600 stems ha-1 

Max_aFMM_BAU 1338 3377 4642 5418 5663 5728 5728 5728 5728 5728 7.92 

Only_aFMM_BAU 220 795 2631 3742 4767 5111 5066 5178 5204 5210 19.00 

Only_aFMM_S3 434 1264 3015 4593 5511 5666 5576 5548 5657 5565 29.02 

LP1100 - Lodgepole pine 
biodiversity 1,100 stems ha-1 

Max_aFMM_BAU 1338 3377 4642 5418 5663 5728 5728 5728 5728 5728 8.38 

Only_aFMM_BAU 115 769 2609 3737 4777 5140 5224 5224 5224 5224 19.15 

Only_aFMM_S3 297 1053 2977 4510 5536 5715 5720 5720 5720 5720 28.40 

Nephin thin 

Max_aFMM_BAU 714 828 1220 2739 3641 4727 5193 5254 5274 5274 1.44 

Only_aFMM_BAU 50 459 617 688 868 1023 1661 2405 2944 3360 16.85 

Only_aFMM_S3 14 159 240 296 369 465 589 896 1605 2547 26.32 

MKB - Modified Kronoberg 
System 

Max_aFMM_BAU 60 100 161 187 187 187 187 187 187 187 2.61 

Only_aFMM_BAU 33 76 119 154 168 178 176 179 174 167 18.31 

Only_aFMM_S3 10 48 125 178 185 181 179 184 185 181 26.55 

Bog restoration (SCA & SPA 
only) 

Max_aFMM_BAU 520 832 1012 1091 1145 1147 1147 1147 1147 1147 1.60 

Only_aFMM_BAU 41 83 166 315 401 421 422 422 422 422 16.68 

Only_aFMM_S3 1 87 180 364 497 536 540 540 571 910 26.14 

Open bog restoration 

Max_aFMM_BAU 1278 2638 3805 4596 4843 4908 4908 4908 4908 4908 2.31 

Only_aFMM_BAU 85 323 854 1610 2450 2565 2569 2569 2569 2569 16.95 

Only_aFMM_S3 26 274 715 1508 2440 2676 2679 2681 2813 3715 26.18 
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5.4.3 FMM area change 
The forest composition changed from being largely dominated by Sitka spruce to a forest landscape 
dominated by lodgepole pine, similarly to the changes in the main cFMM scenario runs. The main 
difference was that rather than planting at standard conifer stocking, i.e. 2,500 stems ha-1, 
clearfelled sites were predominantly reforested using the LP1600 aFMM (Figure 54). The aFMMs 
LP1100 and Nephin thin were also implemented, but to a lesser degree. The difference between the 
aFMM scenarios was that a drastically smaller area was managed using the Nephin thin in the S3 – 
Global bioenergy scenario. The MKB aFMM was implemented almost to its full potential in all main 
aFMM scenarios, and all scenarios resulted in a very small area of bog restoration. Additionally, as 
with the main cFMM scenarios, the area of buffer zone increased substantial in all scenarios. Overall, 
there was little change in forest composition in the first 10 years until 2026, followed by rapid 
change between 2027 and 2056. No further replacement of Sitka spruce monocultures, Sitka spruce 
mixtures, or diverse conifers took place after 2056 in any scenario. From 2057 to 2074 the only 
composition change consisted of the replacement of fully stocked lodgepole pine stands with ones 
managed with a mixture of the aFMMs. The only changes in FMM area that occurred from 2075 until 
the end of the planning horizon were the result of clearfelling and aFMMs being replaced with other 
aFMMs.  
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Figure 54. Percentage of the forest area managed with different FMM in the four aFMM scenarios over the planning 
horizon: BAU (top left), S1 (top right), S2 (bottom left), and S3 (bottom right). The Broadleaves group contains both 
privately owned and Coillte owned broadleaves, i.e. FMM8 and FMM9. Native Woodland Sites are mainly unmanaged 
native broadleaf stands that are retained for their high biodiversity values; they are separate from the ‘Broadleaves’ group. 
Total Buffer contains all FPM setbacks, aquatic setbacks, and road setbacks. The group Sitka spruce mixtures contain all 
stands dominated by non-lodgepole pine conifers (including Sitka spruce), with broadleaves and/or non-lodgepole pine 
conifers as secondary or tertiary species, i.e. FMM2 and FMM3. Sitka spruce and lodgepole pine refers to monoculture 
stands of the respective species. The aFMMs, i.e. lodgepole pine 1,600 tree ha-1, lodgepole pine 1,100 trees ha-1, Nephin 
thin, modified Kronoberg (MKB), and bog restoration, are included at the bottom of the graph above the clearfelled area. 
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5.4.4 Net present value 
The NPV (see section 2.9.1) increased in all main aFMM scenarios when forest management could 
utilise both aFMMs and cFMMs, compared to the values produced when only cFMMs could be used, 
while at the same time clearfelling a smaller area and harvesting a smaller volume of timber (Table 
77). The NPVs resulting from the aFMM scenarios were €19.23M, €27.82M, €24.67M, and €29.18M 
for the BAU, S1, S2 and S3 scenarios, respectively. Compared to the result from the cFMM BAU 
scenario, the NPV increased by 16%, 68%, 50%, and 77%, for the four aFMM scenarios. The NPVs 
resulting from the aFMM scenarios, when compared to those from the equivalent cFMM scenarios 
(i.e. BAU cFMM compared to BAU aFMM, etc.) increased by 15%, 18%, 19%, and 12%, for BAU, S1, 
S2 and S3, respectively. The thinned area almost doubles in all aFMM scenarios, compared to the 
cFMM scenarios, and most of this was thinning of the MKB aFMM (Table 78). Although the aFMM 
scenarios thinned seven to eight times as much volume as the cFMM BAU scenarios, the thin volume 
share of total volume in the aFMM scenarios was only between 1.45 % (in the S3) and 1.78 % (in the 
BAU scenario). This thinning assessment did not include the Nephin thin. The cumulative NPV 
associated with the BAU scenario diverged almost instantly from those of the three global scenarios, 
and in the S2 scenario it started to diverge from the S1 and S3 values around 2040 (Figure 55). A 
small divergence occurred between the S1 and S3 scenario results around 2060, but the two 
scenarios had very similar cumulative NPVs throughout the planning horizon. As in the cFMM 
scenarios, little to no increase in cumulative NPV took place in the second half of the planning 
horizon.  

Table 77. Comparison of NPV, relative NPV, clearfell (CF) area, relative CF area, harvest volume, and relative harvest volume 
resulting from the four cFMM scenarios and the four aFMM scenarios. Relative values are calculated using the BAU value as 
their base 

Scenario NPV (€) 
Relative 

NPV 
CF area 

(ha) 
Relative CF 

area 
Harvest 

volume (m3) 
Relative 
volume 

cFMM BAU 16,693,223 1.00 8,150 1.00 3,279,679 1.00 

cFMM S1 23,608,992 1.42 13,114 1.61 4,522,287 1.38 

cFMM S2 20,946,315 1.26 11,380 1.40 4,279,795 1.30 

cFMM S3 26,064,704 1.58 16,488 2.02 5,277,293 1.61 

aFMM BAU  19,230,147 1.16 9,642 1.18 3,432,511 1.05 

aFMM S1 27,823,999 1.68 12,506 1.53 3,902,812 1.19 

aFMM S2 24,868,301 1.50 11,640 1.43 3,803,294 1.16 

aFMM S3 29,175,135 1.77 13,053 1.60 4,136,468 1.26 

 

Table 78. Comparison of thinning area, relative thin area, thin volume, relative thin volume, and thin volume share of total 
for the four cFMM scenarios and the four aFMM scenarios. Relative (Rel) values are calculated using the BAU results as the 
reference value 

Scenario Thinning area (ha) Rel thin area Thin volume 
(m3) 

Rel thin volume Thin volume share 
of total (%) 

cFMM BAU 989 1.00 7,887 1.00 0.23 

cFMM S1 1,114 1.13 10,102 1.28 0.22 

cFMM S2 1,081 1.09 10,222 1.30 0.23 

cFMM S3 1,194 1.21 14,207 1.80 0.27 

aFMM BAU  1,925 1.95 61,134 7.75 1.78 

aFMM S1 2,007 2.03 59,519 7.55 1.53 

aFMM S2 2,070 2.09 56,113 7.11 1.48 

aFMM S3 2,134 2.16 59,857 7.59 1.45 
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Figure 55. Cumulative NPV for the four aFMM scenarios: BAU, S1, S2 and S3, over the 100-year planning horizon  

5.4.5 Ecosystem Services  

5.4.5.1 Timber assortments and standing volume 
There was a spike in harvesting (see section 2.9.2) around 2040-2050 that increased the harvest 
volumes to 8.0-10.0 m3 ha-1 year-1 in all aFMM scenarios, which represented a doubling of the 
volumes compared to the harvest levels in the previous decades (Figure 56). After 2050, the average 
harvest volume was maintained at 3.5-5.0 m3 ha-1 year-1, which was close to the harvest levels in the 
first decades. Compared to the results from the cFMM scenarios, the corresponding harvesting peak 
was smaller in the aFMM scenarios and the aFMM scenarios also resulted in overall lower post-peak 
volumes. Additionally, the second harvesting peak that occurred in the cFMM scenarios did not 
happen in any aFMM scenario.  

Harvested sawlog volume peaked at the same time as total harvest volume peaked, at 4.5 m3 ha-1 
year-1. Sawlog volume decreased from 2050 to 2065 until the landscape average stabilised at 1.0-1.5 
m3 ha-1 year-1 for the remainder of the planning horizon (Figure 56). Harvested pulpwood volume 
increased in all scenarios and harvest levels remained at 1.5-2.0 m3 ha-1 year-1 (Figure 56). Due to the 
age class structure of the forest, the pulpwood volume experienced two harvesting peaks, first in the 
period 2030-2040 and then during 2070-2090. The aFMM scenarios resulted in lower harvest 
volumes than the cFMM scenario, for both sawlog and pulpwood volume. The main difference 
between the aFMM scenarios was that in the S3 (Global Bioenergy) scenario slightly higher harvest 
levels of pulpwood were sustained than in the other global scenarios (Table 79). Pulpwood became 
the main harvested assortment in the second half of the planning horizon in all aFMM scenarios. 
Except for the BAU scenario, the aFMM scenarios resulted in lower harvested sawlog volumes than 
their cFMM counterparts, despite the inclusion of the MKB aFMM, which was implemented on all 
eligible sites all scenarios.  
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Figure 56. Annual values, based on 10-year periods, for harvested volume per hectare (left), harvested sawlog volume per 
hectare (centre) and harvested pulpwood volume per hectare (right) for the BAU and the three global aFMM scenarios over 
the 100-year planning horizon. All values are in m3 ha-1 year-1. 

Table 79. Total harvested volume and total harvested volume by assortments (pulp & stake and sawlog) for the four cFMM 
scenarios and the four aFMM scenarios. Relative (Rel) values are included to facilitate comparisons, using the values from 
the BAU cFMM scenario as the reference 

Scenario 
Harvest vol 

(m3) 
Pulp & 

stake (m3) 
Sawlog (m3) 

Rel Extracted 
vol 

Rel Pulp & 
stake volume 

Rel Sawlog 
volume 

cFMM BAU 3,279,679 1,367,263 1,912,416 1.00 1.00 1.00 

cFMM S1 4,522,287 2,748,047 1,774,241 1.38 2.01 0.93 

cFMM S2 4,279,795 2,410,302 1,869,493 1.30 1.76 0.98 

cFMM S3 5,277,293 3,282,690 1,994,603 1.61 2.40 1.04 

aFMM BAU  3,432,511 1,514,423 1,920,183 1.05 1.11 1.00 

aFMM S1 3,902,812 2,209,767 1,693,748 1.19 1.62 0.89 

aFMM S2 3,803,294 1,997,039 1,806,808 1.16 1.46 0.94 

aFMM S3 4,136,468 2,259,552 1,876,979 1.26 1.65 0.98 

 

Standing volume increased in all aFMM scenarios, starting at circa 160 m3 ha-1 in 2016 and finishing 
at 266, 221, 227 and 225 m3 ha-1 in 2116 for BAU, S1, S2 and S3, respectively (Figure 57). Standing 
volume increased rapidly between 2020 and 2030, and slightly declined between 2040 and 2060 due 
to heavy clearfelling. After 2060, standing volume increased for the remainder of the planning 
horizon. The higher standing volumes in the BAU scenario were due to less clearfelling, which 
allowed stands to grow old and accumulate more volume. The cFMM runs resulted in final standing 
volumes of 308, 209, 262 and 209 m3 ha-1 for the BAU, S1, S2 and S3 scenarios, respectively. Thus, 
the availability of the aFMMs drastically reduced the standing volume in the BAU and S2 scenarios, 
while slightly increasing it in S1 and S3 - the two scenarios with the highest harvest levels.  
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Figure 57. Annual standing volume (m3 ha-1) for the four aFMM scenarios over the planning horizon. For ease of 
interpretation, 10-year average rather than annual volumes are presented. 

Volume increment overall decreased in all four aFMM scenarios over the planning horizon. The 
volume increment at the start of the planning horizon was 12.5 – 13.0 m3 ha-1 year-1 in the BAU 
scenario and 11.3 – 11.8 m3 ha-1 year-1, and these values were maintained for first 20 years (Figure 
58). In the following 30 years, the volume increment was almost halved to 6.5-7.0 m3 ha-1 year-1 in all 
scenarios. In the second half of the planning horizon the volume increment was static to slowly 
declining, with the final volume increment in 2116 being 6.3 m3 ha-1 year-1 in all scenarios. The aFMM 
scenarios resulted in slightly lower volume increment levels than the cFMM scenarios.  

 

 

Figure 58. Volume increment in m3 ha-1 year-1 in the four aFMM scenarios. For ease of interpretation, 10-year average 
rather than annual volumes are presented. 

5.4.5.2 Carbon 
The carbon ES (see section 2.9.3) results focused on analysing the cumulative carbon storage 
resulting for the aFMM scenarios calculated from the model start year, i.e. the cumulative carbon 
storage was 0 tonnes carbon ha-1 in 2016, and comparing the aFMM scenarios cumulative carbon 
storage to the corresponding results from the cFMM scenarios. The cumulative storage of carbon, 
since the start year 2016, increased in the first 15 years to peak in 2031, followed by a steady decline 
for the remainder the planning horizon for all aFMM scenarios (Figure 59). Between the years 2082 
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and 2086 all the global change scenarios (i.e. not the BAU scenario) became net carbon sources for 
the remainder of the planning horizon. The decline in cumulative carbon storage after 2031 included 
a period around 2055-2078 where the cumulatively stored carbon grew very slowly in all scenarios. 
In the years from 2016 to 2031, the cumulatively stored carbon increased to 31.1, 19.8, 20.9, and 
22.7 tonnes carbon ha-1 for BAU, S1, S2 and S3, respectively. However, the cumulative stored carbon 
for the entire planning horizon was 5.7, -13.1, -13.6, and -20.5 tonnes carbon ha-1 for BAU, S1, S2 
and S3, respectively. Thus, all global change scenarios resulted in net emissions of carbon from the 
forest (i.e. carbon sources) with only the BAU scenario storing net carbon in 2116 compared to 2016. 
With the exception of S3, the aFMM scenarios performed worse than their cFMM scenario 
counterparts in terms of carbon storage. The cFMM BAU, S1, S2 and S3 scenarios stored 21.5, 7.6, 
9.9 and -11.7 cumulative tonnes of carbon ha-1 in 2116 compared to 2016, respectively. 

  

Figure 59. Cumulative stored carbon by year, in tonnes per hectare, for the four aFMM scenarios, over the planning horizon. 

The decrease in cumulative carbon storage resulted in the forest becoming a carbon source in all 
scenarios except the BAU scenario. This was largely caused by carbon emissions from drained 
blanket peatlands, which dominate the CSA forest. Draining peat results in oxidisation from 
decomposing organic matter and sedimentation of particulate organic matter (see section 7.2.5), 
producing 0.61 and 0.31 tonnes of carbon ha-1 year-1, respectively. The carbon emissions from 
drained peat soils were excluded from the cumulative carbon storage, in order to visualise the 
impact these emissions had on the total carbon ESs indicator, and when doing so, the stored carbon 
per hectare increased, causing the forest to remain a carbon sink in all scenarios (Figure 60). The 
final cumulative carbon storage was 80.4, 61.5, 53.6, and 54.2 tonnes ha-1 for BAU, S1, S2 and S3, 
respectively, when the carbon emissions from the drained peat were excluded. For comparison, the 
cumulatively stored carbon for the cFMM scenarios was 96.2, 82.3, 84.6 and 63.0 tonnes ha-1 over 
the 100-year planning horizon for BAU, S1, S2 and S3, respectively. Thus, with the exception of S3, 
the cFMM scenarios performed better than the aFMM scenarios for carbon storage, when the 
effects of carbon emissions from drained peatlands were excluded.  
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Figure 60. Cumulative stored carbon by year, in tonnes per hectare, for the four aFMM scenarios, excluding the impact of 
carbon emissions from forested peat soils. 

5.4.5.3 Regulatory – Windthrow risk 
Evaluating the area of forest at high windthrow risk (≥ 70% probability that > 3% of stems 
windthrown, based on the windthrow risk model, see section 2.9.4) showed a steep increase in the 
first 13 years for all scenarios (Figure 61). Following the steep increase, large areas of the forest had 
matured and extensive clearfelling caused the area at high windthrow risk to become static and 
eventually to decline. From 2054 until the end of the planning horizon the high windthrow risk area 
slowly increased as management intensity decreased and many stands matured. Overall, the BAU 
scenario resulted in a slightly greater area with high windthrow risk, but there was almost no 
difference in the areas resulting from the three global scenarios. Compared to the cFMM scenarios, 
the forest area with high windthrow risk was smaller in all aFMM scenarios except in the S3 scenario. 
 
FMMs such as NWS, buffer zones, the aFMMs LP1100 and Nephin thin do not include clearfelling, 
which is the only management action that leads to a reduction in windthrow risk. The fellable area 
with stands at high windthrow risk increased in the first 13 years, but then declined until 2057 
(Figure 62). From 2057 until the end of the planning horizon the area of fellable stands with a 
windthrow risk higher than 70% was between 0 and 500 ha for the global scenarios and 800-1,000 
ha for the BAU scenario. Compared to the results for the cFMM scenarios, the aFMMs reduced the 
overall windthrow risk of fellable stands. This was partly due to the aFMMs LP1100 and Nephin thin 
not including clearfelling. Additionally, all low-stocked pine aFMMs experienced less competition, 
resulting in slightly reduced height growth, according to the yield tables. 
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Figure 61. Forest area with stands with windthrow risk over 70%, for the four aFMM scenarios. 

 

Figure 62. Forest area with fellable stands with windthrow risk over 70%, for the four aFMM scenarios. 

5.4.5.4 Biodiversity 
The Biodiversity ESs (see section 2.9.5) were evaluated based on four main indicators:  

• Volume stored in large diameter trees. 

• Coarse deadwood volume from natural mortality. 

• Volume share of broadleaves, broadleaf volume, and native tree volume. 

• Area of old forests. 

Other ES indicators were also relevant for biodiversity. Among these were buffer zone area, which 
was reported under Water Quality ES, and naturalness, which was reported under the cultural ES 
since it was part of the RAFL-index.  

5.4.5.4.1 Volume large diameter trees 
The volume of large diameter trees increased in all aFMM scenarios, slightly more so for the BAU 
scenario than the global scenarios (Table 80). Most of the large diameter volume was stored in trees 
with DBH 30-40 cm. The proportion of large diameter volume stored in the trees with DBH > 40 cm 
doubled, and although the actual volume stored in trees with DBH > 50 cm increased, the 
proportional volume stored in these was almost halved over the planning horizon. The volume 
stored in large diameter trees increased throughout the planning horizon in all the aFMM scenarios, 
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whereas in the cFMM scenarios almost no large diameter volume increase occurred in the second 
half of the planning horizon.  

5.4.5.4.2 Coarse deadwood volume from natural mortality 
The total volume of coarse deadwood from natural mortality decreased by around 30% by the 
middle of the planning horizon for all aFMM scenarios and then increased in the second half of the 
planning horizon to return almost to the initial levels (Table 80). The volume of large diameter (DBH 
> 30 cm) coarse deadwood from natural mortality increased in all scenarios, from around 0.13 m3 ha-

1 in 2017 to 0.72-0.78 m3 ha-1 in 2116. Almost all the natural mortality volume originated from 
conifers, mainly Sitka spruce and lodgepole pine.  

5.4.5.4.3 Volume share of broadleaves, broadleaf volume, and native tree volume 
The volume share of broadleaves increased from around 1% in 2016 to 2.51%, 3.07%, 3.09%, and 
2.78% in the BAU, S1, S2 and S3, respectively (Table 80). Although the volume share of broadleaves 
increased more in the aFMM scenarios than in the cFMM scenarios, this was largely the result of 
lower conifer volumes rather than higher broadleaf volumes. On the species-specific level, the birch 
volume was the only volume that differed substantially between the cFMM and aFMM scenarios. 
Birch volume increased through the planning horizon from 0.78 m3 ha-1 to 3.47–4.27 m3 ha-1, 
depending on the aFMM scenario, compared to the final birch volume of around 1.45 m3 ha-1 
resulting from the cFMM scenarios. The establishment of buffer zones contributed to the increase in 
the birch volume, but the main factor was the implementation of the MKB aFMM. The volumes of 
other broadleaves did not differ from those resulting from the cFMM scenarios: all species at least 
doubled their total volumes in all scenarios, or in the case of alder, quintupled it. The alder volume 
increased from 0.12-0.13 m3 ha-1 to 0.73-0.78 m3 ha-1 as a result of the establishment of the buffer 
zones. The volumes of the other broadleaves increased as existing stands grew older. However, none 
of them ever reached more than 0.92 m3 ha-1 (beech at year 2116 in S1). The volume of Scots pine 
was reduced from 0.49 m3 ha-1 to 0.30-0.43 m3 ha-1 in all scenarios, most drastically in the BAU 
scenario. 

5.4.5.4.4 Area of old forests 
The area of forest older than 80 years increased in all aFMM scenarios and at the end of the 
planning horizon the areas differed only slightly between the scenarios. The S3 scenario resulted in 
the smallest area of forest older than 80 years and the BAU scenario in the largest, while S1 and S2 
resulted in similar areas. The area of forest older than 81 years increase from 17 ha in 2017, to 3,609 
ha, 3,263 ha, 3,265 ha, and 2,831 ha for the BAU, S1, S2 and S3 aFMM scenarios, respectively (Table 
80). Compared to the results for the cFMM scenarios there was no clear pattern: the aFMM S1 and 
S3 scenarios produced more area of old forest than their cFMM counterparts, but aFMM BAU and S2 
under-performed compared to cFMM BAU and S2. More forest area entered the older age class (>80 
years) in the second half of the planning horizon compared to the first half. When comparing the 
areas of forest between 61-80 years, the aFMM scenarios consistently resulted in larger forest areas 
in this category than those for the corresponding cFMMs. Another difference was that the aFMM 
scenarios mainly resulted in an increase in the area of forest 61-80 years in the second half of the 
planning horizon, whereas this area was considerably reduced in the cFMM scenarios. Many stands 
were harvested early, and the areas were re-established using aFMMs that involved no clearfelling 
and ended up in the 61-80 age group in the final planning year. In contrast, in the cFMM scenarios 
most stands were clearfelled again, resetting their age. 
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Table 80. Biodiversity indicators for the four aFMM scenarios BAU, S1, S2 and S3, at three time points: 2017, 2066, and 2116. The indicators represent per hectare values for volume of large 
diameter trees, volume of coarse deadwood, volume of coarse deadwood with DBH > 30 cm, volume share of broadleaves, volume of broadleaves, volume of native tree species, and the area 
of old forest 

 
BAU S1 S2 S3 

Biodiversity indicator 2017 2066 2116 2017 2066 2116 2017 2066 2116 2017 2066 2116 

Volume (m3 ha-1) > 30 cm DBH 10.09 64.81 112.30 9.86 55.29 90.01 9.59 59.66 99.36 9.68 55.08 90.47 

Volume (m3 ha-1) > 40 cm DBH 1.73 14.64 26.99 1.71 13.48 22.94 1.68 14.70 25.17 1.71 12.94 21.17 

Volume (m3 ha-1) > 50 cm DBH 0.58 1.87 4.53 0.57 1.87 3.48 0.57 2.00 4.03 0.57 1.70 2.73 

Coarse deadwood volume (m3 ha-1) 3.07 1.72 2.94 2.86 1.89 2.44 2.84 1.88 2.75 2.84 1.64 2.28 

Coarse deadwood volume (m3 ha-1) > 30 
cm DBH 

0.14 0.47 0.77 0.13 0.41 0.79 0.13 0.45 0.78 0.13 0.39 0.72 

Volume share broadleaves (%) 0.96 1.99 2.51 1.06 2.42 3.07 1.07 2.27 3.09 1.07 2.30 2.78 

Volume (m3 ha-1) Fagus sylvatica 0.39 0.52 0.56 0.47 0.78 0.92 0.47 0.66 0.74 0.47 0.61 0.67 

Volume (m3 ha-1) Betula sp 0.78 1.69 4.27 0.78 1.65 3.92 0.78 1.55 4.25 0.78 1.73 3.47 

Volume (m3 ha-1) Quercus sp 0.14 0.28 0.36 0.14 0.27 0.35 0.14 0.27 0.35 0.14 0.27 0.35 

Volume (m3 ha-1) Pinus sylvestris 0.42 0.33 0.30 0.49 0.36 0.43 0.39 0.35 0.36 0.45 0.39 0.33 

Volume (m3 ha-1) Fraxinus excelsior 0.23 0.65 0.77 0.21 0.57 0.63 0.21 0.61 0.70 0.21 0.62 0.73 

Volume (m3 ha-1) Acer pseudoplatanus 0.03 0.07 0.08 0.02 0.06 0.07 0.03 0.07 0.07 0.03 0.07 0.08 

Volume (m3 ha-1) Alnus glutinosa 0.13 0.59 0.73 0.12 0.51 0.74 0.12 0.53 0.76 0.12 0.54 0.78 

Area (ha) forest aged 61-80 years  146 1294 1796 137 1222 1131 143 1267 1359 143 1199 1261 

Area (ha) forest older than 80 years 17 1566 3609 17 1118 3263 17 1107 3265 17 988 2831 
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5.4.5.5 Water quality 

5.4.5.5.1 Buffer zones 
The buffer zone area increased in all aFMM scenarios, from around 90 ha at the start to 548 ha, 669 
ha, 625 ha, and 670 ha at the end of the planning horizon for BAU, S1, S2 and S3, respectively (Figure 
63). Aquatic setback (not in an FPM catchment) was the dominant buffer type, established on 422 to 
534 ha, depending on the scenario. These buffer zones are the result of harvesting operations near 
watercourses, which may have had initial negative impacts on water quality. The maximum buffer 
zone area had been established by the year 2075 in all aFMM scenarios. However, as in the cFMM 
scenarios, this was a result of implementing recently introduced environmental policy, rather than 
due to global scenarios or aFMMs. The area of established buffer zone at the end of the planning 
horizon was identical for the corresponding cFMM and aFMM scenarios.  

 

Figure 63. Total buffer zone area in the four aFMM scenarios over the planning horizon. 

5.4.5.5.2 N and P emissions 
The modified SLAM framework (see section 2.9.6) was utilised in the aFMM scenarios to estimate 
nutrient emission loads from all land-uses in the landscape. The N emissions were not altered by 
clearfelling but were reduced on sites where bog restoration was done, while P emissions increased 
in the four years after clearfelling. P emissions increased to a fairly high level during the harvesting 
spike between 2026 and 2056 (Figure 64). Following this early spike, P emissions fluctuated but were 
generally at a lower level in the second half of the planning horizon due to less clearfelling area. 
Although forests were emitting more nutrients per area than other land-uses, other land parcels in 
the landscape also contributed to N and P emission loads to watercourses (Table 81). S3 resulted in 
the highest amount of P loss, followed by S1 and S2, with the BAU scenario having the lowest P loss. 
Compared to the cFMM scenarios, the total forest area in the aFMM scenarios produced, on 
average, 28.6, 15.3 and 88.8 kg year-1 lower P emission for S1, S2, and S3, respectively, over the 
planning horizon. However, the BAU aFMM scenario resulted in 22.2 kg year-1 higher P emissions 
than the BAU cFMM scenario.  
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Figure 64. P emissions from forest land, in the four aFMM scenarios. 

Table 81. Emission levels for N and P, for the forest (in kg yr-1 ha-1and kg yr-1) and the entire CSA (in kg yr-1 ha-1and kg yr-1), 
for the BAU, S1, S2 and S3 aFMM scenarios 

 
N (kg yr-1) P (kg yr-1)  

Forest CSA Forest CSA 

aFMM scenario ha-1 Total ha-1 Total ha-1 Total ha-1 Total 

BAU 5.42 53,643.70 3.30 228,519.94 0.58 5,794.42 0.29 19,982.46 

S1 5.42 53,612.79 3.30 228,489.03 0.59 5,852.41 0.29 20,045.70 

S2 5.41 53,558.35 3.30 228,434.59 0.59 5,827.29 0.29 20,034.16 

S3 5.42 53,625.46 3.30 228,501.70 0.59 5,864.81 0.29 20,052.86 

 

5.4.5.6 Cultural Services 
In contrast to the results for the cFMM scenarios, the RAFL-index (see section 2.9.7) in the aFMM 
scenarios experienced drastic increases, from 0.50-0.60 in 2020 to 0.71-0.75 in 2110 (Figure 65). The 
trend was an overall increase for all scenarios, with the RAFL-index experiencing small reductions 
around 2040 and 2090 due to heavy harvesting. There were no major differences in the indices for 
the four scenarios, but in scenarios that resulted in smaller total harvesting areas the RAFL-index 
was slightly higher, e.g. the BAU scenario resulted in a higher index than S3. Overall, the aFMM 
scenarios resulted in a more aesthetically pleasing forest landscape than the cFMM scenarios.  
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Figure 65. RAFL-index over the planning horizon for the four aFMM scenarios and the cFMM BAU scenario, which was 
included as a reference. 

The stewardship indicator, which depends on the volume of harvest residue present in the 
landscape, exhibited the greatest fluctuation throughout the planning horizon (Figure 66). The 
indicator decreased around the year 2040, then increased until 2060, followed by another decrease 
around 2080. Unsurprisingly, this corresponded with the first harvesting peak in 2040 and the slight 
increase in harvest levels at the end of the planning horizon.  

The weighted naturalness score decreased slightly during periods when more harvesting took place, 
but the overall score was largely unchanged throughout the planning horizon in all aFMM scenarios 
(Figure 66). This was partly due to a high percentage of the forest landscape being clearfelled, and a 
reduction in natural mortality volume. The forest landscape became slightly more natural 
throughout the planning horizon, with the Hemeroby index decreasing from 0.95 in 2020 to 0.89 in 
2110 for the BAU scenario, and decreased to 0.87 in 2110 for the S1, S2, and S3 scenarios.  

The complexity indicator increased slightly over the planning horizon (Figure 66) due to the age class 
distribution becoming more uniform, resulting in a wider range of DBH values across the forest 
landscape, resulting in a small increase in the Shannon diversity index. The Shannon diversity index is 
associated with a more even distribution of volume over multiple species, and not just the one. The 
greater range of DBH values was the result of more stands growing older, resulting in larger 
diameters, while others were continuously harvested and occupied by younger, small diameter 
trees.  

The visual scale indicator was unaffected by the understory dimension, but as the landscape became 
more open the openness dimension increased (Figure 66). The increase in openness was due to the 
widespread implementation of the low-stocking lodgepole pine aFMMs. The standard density for 
lodgepole pine reforestation is 2,500 stems ha-1, so the lower stocking associated with these aFMMs 
had a large impact on reducing stem density and increasing openness on a landscape level. The 
visual scale indicator was one of the Cultural Services indicators that changed the most over the 
planning horizon in all aFMM scenarios. 

Historicity relates to the indicators for historic richness (mean stand age) and historic continuity 
(area afforestation and deforestation). There was little change in historic continuity as the Bog 
restoration aFMM was the only one that allowed for deforestation to take place, and afforestation 
was not considered in the ALTERFOR model (Figure 66). The mean stand age increased in the second 
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half of the planning horizon, largely as a result of the implementation of aFMMs that did not involve 
clearfelling.  

The ephemera indicator score increased since the area covered by broadleaves in the landscape 
increased for all scenarios (Figure 66). This increase was caused by the planting of broadleaves in 
newly established buffer zones and the implementation of the MKB aFMM, which uses a spruce-
birch mixture. 

 

Figure 66. The concept scores that are averaged to produce the RAFL-index, for the aFMM S1 – Reference scenario.  

5.4.6 Comparison of cFMM and aFMM results 
Analysing the differences between the cFMM and aFMM scenarios can be difficult when looking at 
the individual graphs since the supply of ESs varied between years and the graphs are presented in 
different chapters. Similarly to Section 3.3.9 ES indicator trade-offs, the average annual supply of 
representative ESs indicators was calculated for the four cFMM scenarios, the four aFMM scenarios, 
as well as the minimum and maximum supply of those ESs indicators that were presented in Chapter 
3 (Table 82). The cFMM S1, S2, and S3 scenarios and all aFMM scenarios achieved higher NPVs than 
the biophysical maximum in the BAU cFMM scenario, due to the dynamic prices. Apart from the BAU 
scenario, the cFMM scenarios resulted in more harvested volume than the aFMM scenarios. The 
cFMM S3 scenario was the one that resulted in harvest levels closest to the maximum possible, 
while in the other scenarios harvested volume reached between 59 and 75% of the biophysical 
maximum. The cFMM scenarios generally resulted in the smallest possible broadleaf volume, and 
although the aFMM scenarios performed better in this regard, the volume levels were still 
considerably below the maximum, even with the addition of the MKB aFMM scenario. Furthermore, 
the aFMMs outperformed the cFMM scenarios in producing lower P emissions and lower Hemeroby 
indices, although the range between the minimum and maximum possible was very narrow for both 
ESs indicators. Generally, the aFMM scenarios also resulted in lower windthrow risks, but both 
aFMM and cFMM scenarios resulted in risk values closer to the minimum limit than the maximum. In 
terms of carbon storage, the aFMMs underperformed compared to the cFMMs and the forest 
landscape became a carbon source towards the end of the planning horizon in the aFMM scenarios. 
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Table 82. Ranges between the average annual biophysical minimum and maximum values for seven ES indicators under the 
cFMM BAU scenario, and the average annual ES indicator values for these seven indicators for the four cFMM and four 
aFMM scenarios. The average annual ES indicators are total NPV (€), total harvest volume (m3), total broadleaf volume 
(m3), P emissions (kg ha-1), average windthrow risk per hectare, total carbon storage (tonnes ha-1), and average Hemeroby 
index per hectare. The stakeholder preference for an increase or decrease in the indicator values is also included   

Scenario NPV Harvest vol Broadleaf 
volume 

P emission Windthrow 
risk 

Carbon Hemeroby 
index 

MIN -44,768 0 28,368 0.57 0.31 85.64 0.92 

MAX 166,932 59,873 63,981 0.61 0.73 175.09 0.97 

cFMM BAU 166,932 32,797 28,477 0.58 0.55 125.43 0.94 

cFMM S1 236,090 45,223 32,802 0.60 0.43 105.88 0.93 

cFMM S2 209,463 42,789 28,955 0.59 0.48 110.84 0.93 

cFMM S3 260,647 52,773 33,576 0.60 0.38 98.03 0.93 

aFMM BAU 192,301 34,671 44,222 0.59 0.46 108.02 0.91 

aFMM S1 278,240 39,421 43,365 0.59 0.41 95.37 0.89 

aFMM S2 248,683 38,416 44,694 0.59 0.42 95.04 0.89 

aFMM S3 291,751 41,781 40,402 0.59 0.40 94.38 0.89 

Preference Increase Increase Increase Decrease Decrease Increase Decrease 

 

5.5 Discussion – aFMM results 
When discussing the climate change impacts on the CSA forests in the previous chapter, it was found 
that there are very few other studies that focused on Ireland or the western peatlands specifically. 
Analysing the results from the scenarios presented in this chapter for this specific CSA, it was again 
difficult to find results from similar Irish studies to compare them with. Given that these results are 
based on the use of new and untried forest management systems for Ireland’s western peatlands, it 
was difficult to find similar studies in the scientific literature, especially when focusing on the climate 
change and forecasting aspects of the model that produced these results. Thus, the ESs results that 
were produced by the aFMM runs were discussed in comparison to the cFMM results, as well as by 
focusing on the sustainability, suitability, and practical implementation of the aFMMs. 

5.5.1 aFMM scenario model run times 
The aFMM scenario matrix contained fewer potential actions than the cFMM scenario matrix, 
despite the addition of the five aFMMs which were frequently scheduled (Table 62 and Table 75). 
The YC restriction on establishing lodgepole pine FMMs was included to reduce the number of 
potential actions that were evaluated by the model, but never scheduled, which increase total run 
times (McDill et al., 2016). The aFMM scenarios had longer total run times due to larger number of 
yield tables to import and perform calculations on than the cFMM scenarios. This resulted in more 
future dvtyps which increased the total run times. Despite this, the original total run time of circa 37 
hours per scenario was successfully reduced to around 5.5 hours through the YC restriction of the 
lodgepole pine FMMs and by limiting bog restoration to Natura2000 sites. Excluding the compress 
time feature doubled the matrix build time, increased total run time, and doubled the number of 
potential actions, but barely increased the number of scheduled actions (Table 75). No scenario was 
run without compressed time before the YC restriction was implemented.  

5.5.2 Alternative management of peatland forests  
The results that were based on the aFMM scenarios are not meant to be examined and analysed on 
their own, rather they should be compared to the results of the cFMM scenarios. The aFMMs were 
developed to be potential tools that foresters can utilise in their management planning, and thus 
their impact on NPV, forest composition, and ES provision levels should be assessed based on the 
corresponding levels when only cFMMs were used. The overall requirements for the new aFMMs 
were that they had to operate within the current biophysical and policy limits. First, the aFMMs 
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required successful establishment on blanket peat soils in order to have wide applicability in the 
CSA. Second, they had to be conforming to current forest policy. Third, the aFMMs should be 
attractive for forest managers to implement on sites in a western peatland landscape and, 
preferably, provide a better mixture of ESs than the cFMMs. Therefore, the aFMMs were adapted 
for use on blanket peat sites and were mostly based on the use of different lodgepole pine stocking 
rates combined with different management objectives.  

The aFMMs gave foresters, in theory, the tools to grow biomass on marginal sites, extract the 
already standing sawlog volumes and replant sites at a lower cost than standard, provide more open 
forest stands where native trees could regenerate naturally and that were more aesthetically 
pleasing to recreationalists, or to restore bog habitat - all while increasing the resulting NPV from the 
forests. According to Forest Service policy documents, heavy thinning followed by indefinite 
retention is a permitted management action, and there are no restrictions against mixing Sitka 
spruce and birch (Forest Service, 2017a). The aFMMs LP1600 and LP1100 are eligible reforestation 
options, but they require case-by-case justification and approval by the Forest Service, the same is 
true for bog restoration due to the deforestation aspect involved (Forest Service, 2017a). The heavy 
focus on lodgepole pine resulted from the fact that it is the species with the best establishment and 
growth success on unfertilised blanket peat, and it is not susceptible to grazing by sheep and deer, 
unlike most broadleaf species. Several other types of alternative land management have been 
suggested for peatland forests in the literature and the conclusion often is that productive, 
profitable peatland forests should continue to be managed, but that alternative management should 
be applied to unproductive sites (Tiernan, 2007). Some of these proposed alternative management 
methods are: leaving unproductive sites with failed reforestation unplanted, avoid planting after 
clearfelling, allow natural regeneration, seed the site with native scrub tree species, retain forest 
cover indefinitely, create wider buffer zones, restore bog, and use low-stocked lodgepole pine 
(Tiernan, 2007; Renou-Wilson & Byrne, 2015; DAFM, 2018). Some of these suggestions were difficult 
to implement in the model, e.g. allowing no replanting could have resulted in large areas being left 
unplanted. This could very well be the best management strategy for many Western peatlands, even 
if it goes against the strategic objective of increasing the forest area in Ireland (DAFM, 2014). 
Additionally, any deforestation would result in carbon emissions under the Kyoto protocol, which 
would make it more difficult for Ireland to reach its greenhouse gas emission targets, unless the 
deforestation was done to restore bog (Byrne & Milne, 2006). However, this study showed that the 
average forest stand will become a net carbon source in the future, compared to the 2016 carbon 
storage. An interesting research opportunity exists to include no replanting following clearfelling as a 
management option in the ALTERFOR model, and evaluate the results on NPV, carbon sequestration 
and biodiversity. The uncertainty associated with the development of sites seeded with native trees 
and sites allowed to naturally regenerate, makes it difficult to implement these management 
alternatives in the ALTERFOR model and to quantify the ESs indicator levels for the resulting dvtyps. 
However, these alternatives should not be neglected, as they could add valuable biodiversity and 
landscape aesthetics, and be used as alternatives to low-stocked lodgepole pine. Based on trials that 
have been established for all aFMMs, except for LP1100, more accurate data will become available 
that will allow for inclusion of these aFMMs in the future.  

5.5.3 Ecosystem Services 
The main effect of implementing aFMMs in the ALTERFOR model was an increase in NPV in all 
scenarios, compared to the cFMM only scenarios. The increase in NPV came from the harvesting of 
all available standing timber and the utilisation of aFMMs with lower reforestation costs, i.e. the 
low-stocked lodgepole pine aFMMs. The poorest sites were generally treated with the Nephin thin, 
where 60% of the volume was harvested through a heavy thinning without incurring any re-
establishment cost. This finding indicates that foresters who manage to maximise NPV, as Coillte and 
many private forest owners in Ireland do, should consider implementing the aFMMs on blanket peat 
sites.  
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In terms of delivering a more preferred supply of ESs, the aFMMs provide a mixed picture. The 
aFMMs, when implemented and maximised for NPV, performed worse than the cFMMs for total 
harvest volumes and carbon storage, but resulted in a more preferential result for the regulatory, 
biodiversity, water quality, and cultural ESs, indicating that changed management and deforestation 
can be beneficial to provide a more desired mix of ESs (Corrigan & Nieuwenhuis, 2017). 

Harvest volumes were reduced in all the aFMM scenarios since the model chose to reforest with 
aFMMs with lower reforestation costs, resulting in little or no future harvesting on many marginal 
sites. The lower overall harvest volumes per hectare were due to low-stocked lodgepole pine 
aFMMs being implemented on large areas. These low-stocked lodgepole pine stands were either 
retained indefinitely or provided smaller volumes when harvested. The wider spacing of the lp1600 
aFMM produced around 30% lower harvest volumes over the same rotation, compared with those 
resulting from standard stocked stands. This also led to a reduction in standing volume and volume 
increment in the aFMM scenarios, compared to a the cFMM scenarios. In some cases, it was 
financially more beneficial to establish low-stocked (1,100 stems ha-1) lodgepole pine stands and 
retain them indefinitely than to actively manage lodgepole pine stands of either 2,500 or 1,600 
stems ha-1. Continued management and harvesting of stands on certain sites would result in a 
negative NPV, and it would be difficult to justify these operations unless the objective was to 
increase harvest volumes, no matter the cost. To some degree, the lower aFMM implementation 
costs allowed some sites, which were not harvested in the cFMM scenarios, to be harvested 
followed by the use of such aFMMs, enabling the now profitable harvesting of timber in stands that 
were established in the past on intensively drained and fertilised sites to produce sawlog. Since fully 
stocked replanting, without the use of fertiliser, would not be financially profitable on these sites, 
the aFMM offered a net profitable option to transform the legacy forest stands into something 
different than dense production forests. When the aFMMs as described here are utilised, this could 
provide forest managers with an option to extract existing sawlog timber while changing the forest 
composition and re-designating the management objectives to provide ESs other than profit and 
timber.  

Overall carbon stock fluctuations from carbon stored in living biomass, harvested wood products, 
product substitution, and emissions from drained peatland, were less favourable when resulting 
from the aFMM scenarios than the cFMM scenarios. The main exception was S3, where the stock 
fluctuations were similar for both the cFMM S3 and aFMM S3 scenarios. A combination of reduced 
growth resulting from a lower management intensity, the use of low-stocked stands, and the 
presence of many mature stands in which the continued accumulation of biomass could not be 
properly modelled due to a lack of suitable yield tables, resulted in lower cumulative carbon storage 
in the aFMM scenarios. Bog restoration was the only option available to stop the carbon emissions 
from drained peatland, but this also removes the stored carbon in the stand. However, barriers exist 
to the implementation of bog restoration on a large scale:  

1. Bog restoration is more costly than the implementation of low-stocked lodgepole pine 
aFMMs. 

2. Restoration work is usually focused on protected areas and areas with high biodiversity 
potential or the presence of indicator species, and data on the presence of indicator species 
was not available for this study. This was mainly a barrier for the ALTERFOR model, since 
such field inventories can be done in practice. 

3. Maintenance costs can be high due to naturally regenerating conifers (mainly Sitka spruce 
and lodgepole pine) and the invasion of rhododendron on the restored sites, requiring their 
removal using motor-manually operations (Coillte, 2008). 

4. There are (short-term) negative implications for national greenhouse-gas and carbon 

accounting, as a result of large-scale deforestation (Byrne & Milne, 2006). 
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Thus, bog restoration was not implemented on a large scale, which could have contributed to the 
reduction in future carbon emissions, especially if the cumulative stored carbon balance was 
considered over several centuries (Ojanen et al., 2019).  

The area of stands at high windthrow risk decreased slightly in the aFMM scenarios compared to in 
the cFMM ones. The decrease was mainly due to low-stocked lodgepole pine trees not experiencing 
as much within-stand competition, resulting in trees with lower slenderness ratios (promoted 
diameter growth over height growth) (Pretzsch, 2009). The windthrow risks for old growth, low-
stocked retained stands are not known, but as windthrow will likely remain (and potential become 
an even larger) persistent issue for many western peatland forest stands, the low-stocked forests are 
also likely to suffer endemic windthrow in the future. However, as these trees are established at 
wider spacings and do not experience any thinnings, they will likely be more stable (Scott & Mitchell, 
2005). The trees will be independently resisting windthrow and are not dependent on leaning on 
neighbours, which often leads to whole rows or areas blowing down together.  

The aFMM scenarios resulted in higher biodiversity indicator scores than the cFMM scenarios for 
large diameter wood volume, coarse deadwood volume, broadleaf volume, and the area of old 
forest (>80 years; except for the aFMM BAU and S2 scenario). However, there were reductions in 
Scots pine volume in all scenarios. Replacing native trees with exotics is not permitted according to 
the Irish FSC standard, unless the site is unsuitable for the native species (FSC, 2012). Although less 
than 10 ha of Scots pine forest were clearfelled, some model changes might be necessary since 
many of these sites were replanted with Sitka spruce or Norway spruce. Climate change adaptation 
of forests often results in a reduced management intensity, which causes a reduction in harvested 
volume but increases in biodiversity (Temperli et al., 2012). Studies from Wales have found climate 
change adapting the forest had little impact on biodiversity when sturdier production species were 
used, but that utilising low-impact silviculture as a climate change adaptation strategy improved 
biodiversity, mainly through large trees (Ray et al., 2015). The largest difference between the cFMM 
and aFMM scenarios was due to the lack of clearfelling as part of many aFMMs, allowing the trees to 
grow to large diameters. The low-stocked lodgepole pine aFMMs resulted in fast diameter growth, 
allowing the trees to enter the DBH 30-40 cm group earlier. However, their diameter rarely grew 
past DBH 40 cm and never past DBH 50 cm, due to poor site conditions and the limits on the 
maximum age in the available yield tables. Broadleaf and native species volume were roughly the 
same in cFMM and aFMM scenarios, but the aFMM scenarios resulted in higher birch volumes on 
account of the availability of the MKB aFMM. Another important biodiversity ES improvement 
resulting from the implementation of the aFMMs was the increased landscape fragmentation due to 
introduction of the low-stocked lodgepole pine stands which create more extensive transition areas 
between open space and forest. These transition areas allow for the natural regeneration of native 
scrub species and broadleaves and provide an important diversification of the forest landscape. 
Additionally, transition zones between open area and forest are often important for biodiversity, 
providing habitat for mammals, birds, insects, and flora (Webb et al., 2010). Field observations by 
foresters and nature conservation officers indicate that broadleaves are regenerating naturally in 
only a few open areas, often on shallow blanket peats adjacent to the CSA forest (Buckley, 2018). 
Thus, it might be possible to more actively seed or plant these areas to increase the area of native 
broadleaves in the CSA. However, sufficient reliable data were not available to properly characterise 
these sites to include natural broadleaf regeneration in the model. Naturally regeneration of 
broadleaves could be an important contributor to the increase in the area of native species in the 
CSA, at virtually no cost. These efforts should be focused on the right site types, likely transition 
areas between blanket bog and peaty mineral soils, since natural regeneration on blanket bog is rare 
(O'Leary et al., 2001; Tiernan, 2008). 

The water quality ES indicator values improved slightly in the aFMM scenarios due to overall 
reduced P emissions. However, the aFMMs incentivised clearfelling of stands with poor productivity, 
which would increase P emissions from sites that would otherwise not be harvested. This was the 
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reason why the aFMM BAU scenario had higher P emissions than the corresponding cFMM BAU 
scenario. The background nutrient emission from the entire landscape resulted in a substantial 
amount of N and P emissions to potentially reach the watercourses in the CSA, and this meant that 
there was very little difference between the cFMM and aFMM scenarios in terms of nutrient 
emissions. The most efficient way to reduce background emissions was to change land-use, e.g. from 
forestry to restored bog, or to avoid clearfelling. Since the water quality indicators used generic land-
use emission values that were not spatially specific, the results do not include the impact of 
establishing buffer zones on reducing emissions from forests uphill of the buffers. Buffer zones have 
been shown to reduce nutrient emission loads from forests to watercourses (Kelly-Quinn et al., 
2016; Riley et al., 2018). However, no definitive buffer zone emission reduction value was included 
in the ALTERFOR model since the reduction varies by soil type and other biophysical variables, and 
the results from studies have been influenced by the presence of brash mats in the buffer zones 
(Kelly-Quinn et al., 2016). Additionally, buffer zone effectiveness in reducing nutrient loads to 
watercourses is more affected by the topography around the watercourse, than the vegetation type 
in the buffer (Ranalli & Macalady, 2010).  

The RAFL-index, representing the Cultural Services that forest landscapes can provide, was the ES 
indicator that improved the most as a result of adding the aFMMs to the ALTERFOR model. This was 
an unintended effect, as the aFMMs were mainly developed to be low-intensity forest management 
options that would improve the NPV, water quality, and biodiversity ESs. However, Edwards et al. 
(2012a) found that people prefer to perform recreation activities in stands with large trees and 
greater structural diversity, so this unintended effect was not too surprising. Landscape aesthetics, 
and to some extent biodiversity, are generally improved when forest landscapes are converted to 
become climate change adapted (Frank et al., 2015). The reasons for changes in RAFL indicator 
scores were changes in forest composition (i.e. changes in FMMs), in clearfelling area, and in the 
volume of harvest residue in the forest landscape. The Hemeroby index decreased due to the 
aFMMs LP1100 and the Nephin thin being considered more natural since their open structure allows 
for natural regeneration of native trees and shrubs, as well as the inclusion of more open areas. 
Forests with an open canopy has increased light penetration (Humphrey et al., 2002; Humphrey et 
al., 2005), which stimulates natural regeneration of field layer vegetation and scrub trees (Ray et al., 
2015). The Bog restoration aFMM was quite restricted in its operability statement (i.e. only an 
eligible option in Natura2000 designated areas), otherwise there might have been more 
deforestation in the scenarios. These aFMMs were mainly implemented on poor quality sites as 
long-term retention was economically preferential compared to continued management of stands 
on these sites, thus increasing the average stand age and the historicity score. The ephemera score 
was increased due to buffer zones and the addition of the MKB aFMM. The establishment of low-
stocked forest and the reduced clearfelling frequency improved the RAFL-index in all aFMM 
scenarios, and these, or at least similar FMMs, have been shown to be beneficial for the provision of 
recreation in a wider European perspective (Edwards et al., 2012b). Implementing the aFMMs will 
improve the experience of recreationalists who live in the CSA and the nearby city of Galway, as well 
as national and international tourists visiting or passing through the Barony of Moycullen. Since the 
RAFL-index results are presented for the average landscape in the CSA, it might make more sense to 
actively improve the RAFL-index for particular parts of the CSA that are easily accessible than for the 
whole area. This could provide an opportunity to develop the recreation potential of sites around 
existing popular walking trails and to put up signs to inform visitors about, for instance, the 
freshwater pearl mussel, blanket peatlands, and forestry. 

Policy makers, forest managers, environmentalists and other stakeholders all have different ideas 
and perceptions of the ideal forest landscape, of which ESs are most important, and to what degree 
forest management should focus on one ES over the others (Marques et al., 2017). The most 
pragmatic and realistic approach is to use a combination of aFMMs to achieve the preferred 
outcome, but this combination of aFMMs will vary depending on the management objectives for the 
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specific forest and landscape, since managing to enhance the provision of one ES could reduce the 
supply of another (Biber et al., 2015). For example, intensified timber production and harvesting to 
satisfy an increase in fibre demand means there will be less area available for high biodiversity 
broadleaf forests (Verkerk et al., 2014). Using a Pareto frontier approach might be useful in 
determining the desired combination of ESs that the future forest landscape should deliver, and 
then the stakeholders can decide if the combination of aFMMs required to reach the desired ESs 
levels are acceptable or not (Marques et al., 2017; Marto et al., 2018). Due to increased 
environmental constraints, stricter certification rules and society’s environmental focus, it is likely 
that the forests in the Cloosh area and other western peatland forests will be less intensively 
managed in the future. However, if climate change mitigation efforts increase the future demand 
(and price) for biomass (as represented in the global scenario), these forests could remain or 
become important sources for this biomass. Intensified harvesting combined with utilisation of 
wood for more bioenergy (i.e. the S3 scenario) lead to smaller carbon stocks, as compared to storing 
carbon in HWP. Thus, forests with lower stocking, utilising biomass for bioenergy and generally 
shorter rotations are likely to be misguided climate change mitigation actions, even if this would be 
appropriate financial response to those mitigation policies. The future role of western peatland 
forests in the mitigation of climate change will largely depend on the global demand (and price) for 
biomass, national mitigation strategies, utilisation of wood, adaption actions to reduce the impact of 
climate change on species productivity and alternative land-use policies. Further, a focus on biomass 
production will conflict with and possibly reduce the provision of biodiversity, water quality, and 
recreation, as demonstrated by this study. 

5.5.4 Suitability and uncertainties associated with aFMMs 
There was a lack of data on how tree height and diameter will develop under reduced competition, 
especially since GROWFOR started producing errors around age 60 when generating some of the 
low-stocked lodgepole pine yield tables. This issue is a cause of concern since it introduces 
uncertainty about the growth and yield predictions produced by the GROWFOR models, especially in 
relation to the amount of mortality that will occur. The implementation of the lodgepole pine 
aFMMs contributed to increases in the NPV that could be achieved, but if the projected growth 
volumes do not materialise due to excess mortality from nutrient deficiency, waterlogging, and 
windthrow, they may not deliver the economic, cultural and biodiversity ESs for which they were 
developed. The issue of un-verified yield tables when evaluating alternative management options 
often makes the results more suitable to detect trends at a regional level, than using the results to 
make large-scale, national policy decisions (Frank et al., 2015). However, trials are established and 
will produce data on expected mortality levels that can be used in the future to better define these 
aFMMs, and then the yield tables can be adjusted and the strategic model run again. 

The high pulpwood prices in the S3 scenario made it financially preferential to harvest the entire 
stand, replant it, and manage it for another rotation, rather than just heavily thin it once and 
establishing it as a Nephin thin aFMM. This was also reflected in the late implementation and smaller 
total area of Nephin thin in the Max_aFMM_S3, compared to Max_aFMM_BAU. The transformation 
of a regular lodgepole pine stand using the Nephin thin aFMM was only an eligible option in the 
ALTERFOR model when the dvtyp was between 26 and 50 years of age. This was done to limit the 
number of management options the model had to evaluate, and because there were no reliable low-
stocking yield tables for lodgepole pine stands older than 50 years. The presence of lodgepole pine 
stands outside of this 26 to 50 year age window was a reason why the area where the Nephin thin 
aFMM was implemented was smaller in the max NPV scenarios than the maximum biophysical 
feasible area determined by maximising the Nephin thin aFMM area. There was no option to 
transform a LP1600 aFMM to a Nephin thin aFMM in the model, mainly to limit processing times. 
Including an action where a heavily thinned lodgepole pine fibre aFMM was transformed to a 
Nephin thin aFMM would likely result in an increase in the latter aFMMs total area. So far, 97 ha of 
Nephin thin have been established in Wild Nephin, Co. Mayo (as of 2019), but the expansion of this 
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area has ceased for the moment until the development of the tree and understory vegetation in the 
established area can monitored and assessed. After opening the canopy to allow more light to reach 
the ground and increase natural regeneration, rhododendron has invaded the area (Tiernan, 
2019). Originally planted as an ornamental species in Ireland, rhododendron has become an invasive 
pest species in both forest plantations and woodlands, thriving on sites with mild climate and acidic 
soils. Rhododendron grows in dense thickets that often exclude the native vegetation, limits natural 
regeneration of trees, and can even wipe out the native shrub layer (Higgins, 2008). It is very likely 
that rhododendron will also invade the potential Nephin thin stands in the Barony of Moycullen, 
preventing the achievement of the benefits to native flora that the aFMM was designed for. It could 
also involve very high control and eradication costs in the future. The issue of rhododendron 
invading wide spaced stand may also be relevant for the other two low-stocked lodgepole pine 
aFMMs, especially for LP1100. 

The MKB was the only aFMM to not use GROWFOR yield tables, and its yield tables were instead 
produced using the single-tree model CARBWARE. Combining mono-specific yield tables to model a 
mixed stand often results in biased yield estimates (Peng, 2000), and therefore the decision was 
made to use a different yield model for this mixture. The MKB aFMM has been implemented on a 
test site in Ireland and has currently completed circa half a rotation. This test site is however located 
on a phragmites peat cutaway raised bog and it is uncertain how the results for this trial, in terms of 
survival rates and growth and yield, can be transferred to blanket peat sites. Cutaway peat sites are 
typically more productive than blanket peat ones, but they have more issues with spring frost and 
less issues with windthrow (Renou & Farrell, 2005). Despite these differences, both peat types can 
cause issues with waterlogging and nutrient deficiencies when forested. Due to a lack of data, the 
imputed peat depth map, which was based on drilled peat cores and was used for the Galway 
windfarm environmental impact assessment, was the sole determinant in the model if a blanket 
peat site was suitable for the implementation of the MKB aFMM. This peat depth map did not cover 
the entire CSA forest and the location of the peat core sampling transects appears to have focused 
on flat areas, which may have caused the imputed area of deeper peat (i.e. > 0.5 m) to be 
overrepresented. Since peat depth is usually shallower around ridges and on slopes, there might be 
a larger area suitable for MKB implementation in the CSA than was assumed. However, if more 
shallow peat is localized along slopes many of these additional, potential MKB stands might be too 
small, narrow, and fragmented to function as realistic management units. Field inventories, including 
the assessment of peat depth, will be necessary to better assess whether sites are suitable for the 
MKB aFMM.  

The greater area of bog restoration resulting from the Only_aFMM_S3 scenario than from the 
Only_aFMM_BAU one was due to the higher pulpwood prices in S3, which caused the forests to be 
harvested more intensively over the planning horizon. Bog restoration was cheaper to implement 
than the re-establishment of lodgepole pine at 2,500 stems per hectare, but re-establishing 
lodgepole pine at 1,600 stems ha-1 or 1,100 stems ha-1, and implementing the Nephin thin aFMMs 
were all cheaper establishment options than the Bog restoration aFMM. Thus, when implementation 
of all aFMMs was possible in the same model, a combination of aFMMs was implemented on 
different sites, largely based on the sites’ productivity.  

5.6 Conclusion 
Developing the aFMMs to tackle policy and stakeholder conflicts and managerial problems fulfilled 
research objective 3 (Develop alternative FMMs for the Western peatland forests that can alleviate 
forest management issues, improve several ESs, and alleviate stakeholder conflicts surrounding 
forestry). The implementation of the aFMMs led to an increase in the provision levels of most ESs 
compared to the levels achieved by only using the cFMMs, both under current and future climate 
conditions as represented by the global scenarios, and this fulfilled research objective 4 (Evaluate 
the potential impacts the aFMMs can have on forest management and ESs in the future, and under 
changing futures by implementing global scenarios). The aFMMs both have their benefits and 
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drawbacks, in terms of increasing the supply of ESs, as they improved NPV, water quality, regulatory, 
and some aspects of biodiversity. However, they led to a reduction in timber volumes and carbon 
storage, demonstrating the presence of ESs trade-offs are making it very unlikely that all ES provision 
levels can be improved across the landscape. Arguably, there is not a single ideal FMM that provides 
the maximum supply of all ESs due to trade-offs between ESs. One potential solution is to segregate 
the provision of ESs in different parts of the landscape, depending on the biophysical conditions and 
the social, economic and environmental pressures across the landscape. More intensive 
management techniques (e.g. fertilization, genetic improvement) could be used to produce faster 
growing trees on the peatlands, producing more timber and storing more carbon, but, as has been 
shown in this study, this will have a detrimental effect on several other ESs. The improvements in 
NPV resulting from the implementation of the aFMMs will make them attractive to forest managers 
in the CSA whose main objective it is to produce an income for the forest owners, and this could 
indirectly lead to an improvement in the provision of many other ESs. Tests sites will need to be 
established to assess and model the actual performance of the aFMMs and to make the necessary 
modifications in their design and actions. These test sites could serve as an educational tool to 
spread knowledge of the aFMMs to forest managers and stakeholders operating in the western 
peatlands. 
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6 Management intensification and discount rate 
The results from running the current Forest Management Models (cFMM) and alternative Forest 
Management Models (aFMM) ALTERFOR models presented in Chapters 4, 5, and 6 were greatly 
affected by a replacement of Sitka spruce with lodgepole pine. Due to the environmental sensitivity 
of the area, aerial fertiliser is not allowed, and since the labour force to spread fertiliser manually is 
not available, lodgepole pine became the only eligible species for reforestation. An argument could 
be made that the aFMMs did not dramatically change the forest landscape since fully stocked 
lodgepole pine was replaced with lower stocked lodgepole pine. To investigate the impact of the 
replacement of Sitka spruce by lodgepole pine on the overall results, an assumption is made in this 
chapter that the labour force for fertilisation was available, and that forest management was 
intensified by including manual fertilisation as an option during reforestation, so that Sitka spruce 
can be planted (Figure 67). Additionally, this chapter evaluated the impact of using a range of 
discount rates on the results for both the cFMM and aFMM scenarios. 

 

Figure 67. Research described in Chapter 7 (yellow colour) within the context of the entire thesis. The ALTERFOR model was 
modified to include fertilisation of blanket peat to establish Sitka spruce, and five discounting rates where used for the 
maximisation of NPV, using cFMMs and aFMMs scenarios. 

6.1  Methodology and modelled scenarios 
The research presented in this chapter required many scenarios to be run, and their results to be 
analysed. To reduce the number of runs somewhat, the S2 scenario was omitted, with the S1 
scenario representing the path of least effort in mitigating climate change, the S3 scenario 
representing the most effort, and the Business As Usual (BAU) scenario was kept for reference. The 
ALTERFOR model was modified to allow reforestation of peat sites with Sitka spruce by using manual 
fertilisation, at a cost of €450 ha-1 for supply and spreading (Flanagan, 2018). Having added manual 
fertilisation to the ALTERFOR model, the scenarios were duplicated, with one set using only the 
cFMMs, and the other set using both cFMMs and the aFMMs. Additionally, the ALTERFOR model 
scenarios were modified to use different discount rates (see section 2.2.7 Yield section), and the 
rates were set at 1%, 3%, 5%, 7%, and 9%, resulting in a total of 30 scenarios being run in the 
ALTERFOR model (i.e. three global scenarios, each with two sets of FMMs, and each set of FMM with 
five discount rates). The 30 scenarios were grouped in six scenario sets, based on eligible FMMs and 
global scenario impacts:  
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• cFMM BAU – using cFMMs and Sitka spruce fertilisation as an option for blanket peat sites, 
run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

• aFMM BAU – using cFMMs, aFMMs, and Sitka spruce fertilisation as an option for blanket 
peat sites, run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

• cFMM S1 – using cFMMs and Sitka spruce fertilisation as an option for blanket peat sites, 
run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

• aFMM S1 – using cFMMs, aFMMs, and Sitka spruce fertilisation as an option for blanket peat 
sites, run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

• cFMM S3 – using cFMMs and Sitka spruce fertilisation as an option for blanket peat sites, 
run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

• aFMM S3 – using cFMMs, aFMMs, and Sitka spruce fertilisation as an option for blanket peat 
sites, run five times using the discount rates 1%, 3%, 5%, 7%, and 9%. 

The objective function for all 30 scenarios was to maximise Net Present Value (NPV), and the 
Standing Volume Value (SVV) was not included in the objective function. Test runs for the research 
presented in Chapters 4, 5 and 6 showed that including SVV when using a 5% discount rate had a 
similar impact as running the model for 150 years and evaluating for the first 100 years. However, at 
other discount rates the inclusion of SVV was found to have too drastic an impact on the FMM 
composition at the end: lower discount rates resulted in excessive amounts of standing volume 
rather than harvest revenue, while the higher discount rates favoured end of planning horizon 
volume liquidation. 

6.1.1 Modified forest management prescriptions 
To analyse the establishment of aFMMs and Sitka spruce fertilising, the eligibility of FMMs were 
slightly changed with respect to productivity, i.e. Sitka Spruce Yield Class (SS YC). The lodgepole pine 
aFMM YC restrictions used in Chapter 6 were based on a 5% discount rate when discounting and 
with no option to establish Sitka spruce on blanket peat, so these limits were changed in this chapter 
(Table 83). The lodgepole pine and Sitka spruce mixture planted at 80% and 20% stocking was 
omitted as reforestation options on blanket peat to ensure the model could be solved within 
reasonable size and time limits. The manual fertilisation of blanket peat to establish Sitka spruce cost 
was set at €450 ha-1 and did not change the site productivity, it simply enabled Sitka spruce seedling 
to survive and grow on the site. No other changes were made to the model regarding costs, yield 
tables, or the eligibility of management options. 

Table 83. Expanded SS YC restriction for various establishment options used in this chapter 

Establishment options Lowest eligible SS YC Highest eligible SS YC 

Sitka spruce on blanket peat - fertilised 10 30 

Sitka spruce on mineral soil - unfertilised 4 30 

Lodgepole pine 80% - Sitka spruce 20% on mineral 
soil 

18 30 

Lodgepole pine 2,500 stems ha-1 4 30 

Lodgepole pine 1,600 stems ha-1 – LP1600 4 30 

Lodgepole pine 1,100 stems ha-1 – LP1100 4 30 

Nephin thin 4 20 
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6.2 Results 
6.2.1 Model run times 
Data will not be reported on all ALTERFOR model run times because total run time and the number 
of potential actions were very similar. Instead, one instance for each scenario set is reported. On 
average, the cFMM scenarios took around 11 hours to run, and the aFMM scenarios took around 12 
hours (Table 84). Compared to Chapters 5 and 6, the number of executed actions remained largely 
the same and the number of potential actions decreased as a result of the lodgepole pine and Sitka 
spruce mixture having been removed for blanket peat. The introduction of Sitka spruce on blanket 
peat added complexity to the NPV calculation and increased the number of potential future dvtyps 
that had to be evaluated. 

Table 84. Matrix build time (hour: minute: second), solve time (hour: minute: second), total scenario run time (hour: minute: 
second), the number of potential actions, and the number of scheduled actions, for the six scenario sets using a 5% discount 
rate. The number of scheduled actions for the scenarios run using 1% and 9% discount rates are included in brackets  

Scenario Matrix 
build  

Solve time  Total run 
time 

Potential 
actions 

Scheduled actions (disc. rate 
1% and 9%) 

cFMM BAU 5% 04:47:55 00:00:19 11:05:43 1,116,628 5,581 (6,241 - 4,664) 

aFMM BAU 5% 05:27:43 00:00:20 11:42:01 1,375,310 6,345 (6,981 - 6,428) 

cFMM S1 5% 04:44:46 00:00:18 11:21:16 1,116,628 6,928 (6,919 - 6,616) 

aFMM S1 5% 05:23:39 00:00:24 12:03:13 1,375,310 6,798 (7,305 - 6,787) 

cFMM S3 5% 04:46:01 00:00:18 10:56:53 1,116,628 7,329 (7,172 - 8,046) 

aFMM S3 5% 05:23:45 00:00:24 11:35:54 1,375,310 7,181 (7,565 - 7,469) 

 

6.2.2 Establishment of FMMs 
One common result was that most cFMM scenarios, except those utilising a 9% discount rate, 
increased the area of Sitka spruce by using the option to fertilise blanket peat sites during 
reforestation (Figure 68). The cFMM scenarios with a 7% discount rate utilised the Sitka spruce 
fertilisation to a high degree in the first half of the planning horizon, especially cFMM S1, and then 
switched to lodgepole pine reforestation. The cFMM scenarios with a 9% discount rate resulted in 
the predominant reforestation of blanket peat sites with lodgepole pine at all times (Figure 68). 

The results for scenarios aFMM BAU, aFMM S1 and aFMM S3 with a 1% discount rate were similar in 
that they all included Sitka spruce fertilisation for reforestation up until year 2085, at which point 
the Sitka spruce at 2,500 stems ha-1 and lodgepole at 2,500 stems ha-1 was rapidly replaced by 
LP1600 and LP1100 (Figure 68). The aFMM scenarios with a 3% discount rate were fairly similar to 
those with a 1% discount rate, but the replacement of regularly stocked lodgepole pine by lodgepole 
pine aFMMs occurred almost instantly, and fertilisation of Sitka spruce ceased slightly earlier. The 
remaining nine scenarios (i.e. aFMM BAU, aFMM S1, and aFMM S3 scenarios with 5%, 7%, and 9% 
discount rates) resulted in similar FMM area changes to the aFMM scenarios in Chapter 6, i.e. 
existing Sitka Spruce and lodgepole pine were replaced by the LP1600 and LP1100 aFMMs early on 
(Figure 68). In all these nine scenarios, the aFMMs had replaced much of the cFMM area by 2060 
and for the remainder of the planning horizon LP1600 was replaced with LP1100.  
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Figure 68. Percentage of the forest area managed with current and alternative FMMs for four representative scenarios over 
the planning horizon: cFMM S1 5% (top left), cFMM S1 7% (top right), aFMM S1 3% (bottom left), and aFMM S1 5% 
(bottom right). These graphs represent the four main scenario groups regarding FMM area development over the planning 
horizon in the 30 scenarios. The Broadleaves group contains both privately owned and Coillte owned broadleaves, i.e. 
FMM8 and FMM9. Native Woodland Sites are mainly unmanaged native broadleaf stands that are retained for their high 
biodiversity values; they are separate from the ‘Broadleaves’ group. Total Buffer contains all FPM setbacks, aquatic 
setbacks, and road setbacks. The group Sitka spruce mixtures contain all stands dominated by non-lodgepole pine conifers 
(including Sitka spruce), with broadleaves and/or non-lodgepole pine conifers as secondary or tertiary species, i.e. FMM2 
and FMM3. Sitka spruce and lodgepole pine refers to monoculture stands of the respective species. The aFMMs, i.e. 
lodgepole pine 1,600 tree ha-1, lodgepole pine 1,100 trees ha-1, Nephin thin, modified Kronoberg (MKB), and bog 
restoration, are included at the bottom of the graph above the clearfelled area. 
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The total establishment areas of the FMMs differed greatly between the cFMM and aFMM 
scenarios. In the cFMM scenarios, the optimal solution was to fertilise large areas of blanket peat to 
establish Sitka spruce (Table 85). When the discount rate increased this area decreased, but the 
global scenarios (i.e. S1 and S3) still used the fertilisation option at a discount rate of 5% and, to 
some degree, at 7%. The dominant establishment option in all cFMM scenarios, regardless of 
discount rate, was to reforest with lodgepole pine at normal stocking, i.e. 2,500 stems ha-1. The 
aFMM scenarios using 1% and 3% discounting rates established as large an area of Sitka spruce on 
blanket peat as the cFMM scenarios (Table 85). The aFMM scenarios using a 1% discount rate 
established some lodgepole pine at 2,500 stems ha-1, but the overall optimal solution to maximise 
NPV was to use the lodgepole pine aFMMs, especially LP1600. 

Table 85. Total establishment area of selected FMMs over the planning horizon in the 30 runs: fertilised Sitka spruce on 
blanket peat, lodgepole pine 2,500 ha-1, LP1600 - lodgepole pine 1,600 ha-1, LP1100 - lodgepole pine 1,100 ha-1, and Nephin 
thin 

Scenario 
Sitka spruce 

fertilised (ha) 
Lodgepole pine 
2,500 ha-1 (ha) 

Lodgepole pine 
1,600 ha-1 (ha) 

Lodgepole pine 
1,100 ha-1 (ha) 

Nephin thin (ha) 

cFMM BAU 1% 4,775 5,865 0 0 0 

cFMM BAU 3% 4,929 5,858 0 0 0 

cFMM BAU 5% 3,008 4,669 0 0 0 

cFMM BAU 7% 1,900 3,721 0 0 0 

cFMM BAU 9% 124 4,337 0 0 0 

cFMM S1 1% 4,444 8,078 0 0 0 

cFMM S1 3% 4,362 7,846 0 0 0 

cFMM S1 5% 4,667 7,661 0 0 0 

cFMM S1 7% 4,117 7,995 0 0 0 

cFMM S1 9% 325 10,513 0 0 0 

cFMM S3 1% 4,631 8,404 0 0 0 

cFMM S3 3% 4,425 8,473 0 0 0 

cFMM S3 5% 4,178 8,521 0 0 0 

cFMM S3 7% 2,148 12,020 0 0 0 

cFMM S3 9% 591 13,974 0 0 0 

aFMM BAU 1% 4,633 1,006 2,980 2,499 355 

aFMM BAU 3% 3,699 145 4,044 2,173 357 

aFMM BAU 5% 1 136 6,781 2,152 420 

aFMM BAU 7% 0 145 6,997 2,143 525 

aFMM BAU 9% 0 144 7,108 2,135 510 

aFMM S1 1% 4,299 1,934 3,304 2,662 266 

aFMM S1 3% 4,079 168 3,874 2,731 386 

aFMM S1 5% 1 164 7,337 2,419 516 

aFMM S1 7% 0 155 7,233 2,481 644 

aFMM S1 9% 0 138 7,236 2,449 701 

aFMM S3 1% 4,457 2,159 3,175 2,619 652 

aFMM S3 3% 4,171 305 4,736 2,918 200 

aFMM S3 5% 298 158 7,341 2,844 229 

aFMM S3 7% 1 153 7,452 2,797 327 

aFMM S3 9% 0 135 7,697 2,763 401 
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6.2.3 NPV, timber volumes, clearfell area 
As expected, the scenario runs with lower discount rates resulted in considerably higher NPVs 
(Figure 69 and Table 86). Despite the differences in discount rate and NPV, most scenarios that 
included the same eligibility rules for aFMMs and were based on the same global scenarios had 
similar total clearfell areas. There was some decline in the total clearfell area for the cFMM BAU 
scenario sets and in all sets of aFMM scenarios when discount rates increased, but the overall 
differences between scenario sets were larger than within the same scenario set. Total harvest 
volumes declined as the discount rates increased for all scenario sets, and this decline was the least 
pronounced in the aFMM S1 and cFMM S3 scenario sets (Figure 70 and Table 86). The harvested 
sawlog volumes decreased with increasing discount rates, regardless of scenario set. Sawlog 
production was higher in cFMM scenarios than aFMM scenarios, but pulpwood production was 
higher in the aFMM scenarios than the cFMM scenarios. Additionally, as discount rates increased it 
became more profitable to harvest relatively more pulpwood volume than sawlog volume, especially 
when the S3 scenario was run, i.e. the scenario with the highest pulpwood prices. 

 

Figure 69. Comparison of relative NPV and relative clearfell area for the 30 runs, using the scenario cFMM BAU 5% results 
as the reference values. For example, relative NPV for cFMM BAU 1% were calculated by dividing the NPV of cFMM BAU 1% 
by the NPV of cFMM BAU 5%; a similar calculation was used for relative clearfell area.  
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Figure 70. Comparison of relative harvest volume, relative sawlog volume, and relative pulp and stakewood volume for the 
30 runs, using the scenario cFMM BAU 5% results as the reference values. For example, relative harvest volume for cFMM 
BAU 1% were calculated by dividing the harvest volume of cFMM BAU 1% by the harvest volume of cFMM BAU 5%; a 
similar calculation was used for relative sawlog volume and relative pulp and stakewood. 
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Table 86. Comparison of NPV, clearfell (CF) area, harvest volume, sawlog volume, pulpwood and stake volume between the 30 runs. Relative values are calculated for all abovementioned 
indicators using the cFMM BAU 5% results as the reference values 

Scenario NPV (€) Relative 
NPV 

CF area 
(ha) 

Relative 
CF area 

Harvest volume (m3) Relative volume Sawlog (m3) Relative Sawlog Pulp & stake 
(m3) 

Relative Pulp 
& stake 

cFMM BAU 1% 81,867,356 4.80 13,238 1.29 6,102,597 1.33 4,357,830 1.31 1,306,855 1.36 

cFMM BAU 3% 31,764,433 1.86 13,421 1.31 5,910,346 1.28 4,159,173 1.25 1,302,130 1.36 

cFMM BAU 5% 17,047,779 1.00 10,263 1.00 4,602,339 1.00 3,316,319 1.00 960,089 1.00 

cFMM BAU 7% 11,038,120 0.65 8,174 0.80 3,535,095 0.77 2,644,553 0.80 646,086 0.67 

cFMM BAU 9% 7,963,566 0.47 7,135 0.70 2,707,148 0.59 1,753,287 0.53 701,013 0.73 

cFMM S1 1% 105,162,991 6.17 15,191 1.48 6,124,976 1.33 3,614,416 1.09 1,881,687 1.96 
cFMM S1 3% 44,721,846 2.62 14,918 1.45 5,934,069 1.29 3,502,192 1.06 1,822,445 1.90 

cFMM S1 5% 24,515,928 1.44 15,033 1.46 5,795,569 1.26 3,409,704 1.03 1,784,843 1.86 

cFMM S1 7% 15,910,724 0.93 14,868 1.45 5,404,937 1.17 2,942,324 0.89 1,843,013 1.92 

cFMM S1 9% 11,666,202 0.68 13,750 1.34 5,058,309 1.10 1,541,495 0.46 2,609,081 2.72 

cFMM S3 1% 136,230,767 7.99 15,737 1.53 6,786,792 1.47 4,103,626 1.24 2,004,734 2.09 

cFMM S3 3% 52,555,505 3.08 15,608 1.52 6,693,565 1.45 3,997,157 1.21 2,013,290 2.10 

cFMM S3 5% 26,780,422 1.57 15,419 1.50 6,447,847 1.40 3,731,470 1.13 2,028,662 2.11 

cFMM S3 7% 16,640,019 0.98 17,006 1.66 6,061,672 1.32 2,398,393 0.72 2,748,112 2.86 
cFMM S3 9% 11,763,956 0.69 17,584 1.71 5,871,125 1.28 1,715,987 0.52 3,133,341 3.26 

aFMM BAU 1% 88,418,869 5.19 14,188 1.38 6,549,013 1.42 4,415,013 1.33 1,606,834 1.67 

aFMM BAU 3% 34,558,393 2.03 13,195 1.29 6,001,425 1.30 3,956,165 1.19 1,534,937 1.60 

aFMM BAU 5% 19,165,666 1.12 12,163 1.19 4,875,930 1.06 2,112,402 0.64 2,057,345 2.14 

aFMM BAU 7% 13,139,859 0.77 12,269 1.20 4,652,262 1.01 1,874,865 0.57 2,077,437 2.16 

aFMM BAU 9% 10,139,025 0.59 12,487 1.22 4,320,494 0.94 1,514,261 0.46 2,117,305 2.21 

aFMM S1 1% 113,102,128 6.63 15,315 1.49 6,217,939 1.35 3,663,634 1.10 1,925,587 2.01 
aFMM S1 3% 48,247,679 2.83 13,987 1.36 5,688,052 1.24 3,511,820 1.06 1,636,312 1.70 

aFMM S1 5% 27,886,240 1.64 13,073 1.27 4,743,130 1.03 1,825,850 0.55 2,210,756 2.30 

aFMM S1 7% 19,729,871 1.16 12,958 1.26 4,442,044 0.97 1,563,935 0.47 2,185,621 2.28 

aFMM S1 9% 15,213,057 0.89 13,051 1.27 4,280,672 0.93 1,421,873 0.43 2,174,274 2.26 

aFMM S3 1% 144,532,825 8.48 15,563 1.52 6,897,303 1.50 4,154,464 1.25 2,054,973 2.14 

aFMM S3 3% 55,634,871 3.26 15,288 1.49 6,551,307 1.42 4,001,193 1.21 1,905,245 1.98 

aFMM S3 5% 29,352,651 1.72 13,802 1.34 5,107,727 1.11 2,103,317 0.63 2,266,964 2.36 
aFMM S3 7% 19,856,655 1.16 13,593 1.32 4,741,995 1.03 1,759,459 0.53 2,246,730 2.34 

aFMM S3 9% 15,048,124 0.88 13,950 1.36 4,522,821 0.98 1,492,631 0.45 2,285,534 2.38 
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6.3 Discussion 
The aim of the research presented in this Chapter was not to evaluate the impact on Ecosystem 

Service (ESs) when allowing fertilisation of blanket peats to enable reforestation with Sitka spruce. 

Rather, it was to see if allowing fertilisation to reforest blanket peat with Sitka spruce would be a 

financially preferential option to cFMM lodgepole pine monocultures, and also to the aFMMs. 

Thus, it is not of great interest to discuss the actual NPVs, clearfell areas, harvest volumes, and 

different assortment results of these hypothetical scenarios, but rather the trends observed in 

these indicators when different scenarios, management options and discount rates were applied. 

The results indicate that, using current management strategies, it would be financially attractive to 

use the fertilisation option on substantial areas, even at a discount rate as high as 7%. Increasing 

the discount rate from 5% to 7% reduced the total area reforested with fertilised Sitka spruce by 

1,108 ha (11.2% of the forest area) , 550 ha (5.6% of the forest area), and 2,030 ha (20.5% of the 

forest area) in the BAU, S1, and S3 cFMM scenarios, respectively. When increasing the discount 

rate to 9% fertilisation was hardly used anymore. However, it must be recognised that even in the 

cFMM scenarios with a low discount rate, large areas were reforested with lodgepole pine at 

regular stocking. The fertilisation of Sitka spruce was allowed down to YC 10, but the lowest YC it 

was used for was 14 in any scenario, although it was the predominant reforestation option on sites 

with YC 16 and above for much of the planning horizon. Lodgepole pine reforestation was 

predominantly used on sites with YC 14 and lower, but large areas with higher YCs were reforested 

with lodgepole pine towards the end of the planning horizon when there was no more time to 

replant and harvest another rotation of Sitka spruce. The impact of the approach of the end of the 

planning horizon on the choice of management actions is a common issue in forest planning, 

especially in optimisation where the objective is to maximise NPV (Hoganson & Borges, 2000; 

Hoganson & Meyer, 2015). This issue can be alleviated by not analysing the last few decades of the 

model run, but to keep those planning periods in the model to ensure the earlier part of the model 

is realistic. To ensure sustainable harvest, it is recommended to run the model for at least 1.5 

rotation periods (Davis & Johnson, 1987), and to maintain standing stock (Vanclay, 2015), because 

even-flow constraints can give misleading confirmation of sustainability (McQuillan, 1986; 

McQuillan, 1991). Alternatively, the NPV calculation can include the discounted value of the forest 

at the end of the planning horizon, assuming that it will be harvested at some stage in the future 

(McDill et al., 2016). Of course, if the value of the standing inventory at the end of the planning 

horizon is undervalued, the model would strive to liquidate most standing volume (Hoganson & 

Meyer, 2015). If the standing inventory is overvalued, it can have the unintended effect that 

harvesting ceases in the last few decades, because the model can recoup more of the volume 

value without having to pay any action costs (ibid.). Valuing the final inventory of a stand that is 

ineligible for clearfelling (e.g. a buffer zone) should not matter, since the model cannot schedule 

harvests in those areas anyway. 

When the aFMMs were included as an option there was very little continued reforestation with 

fertilised Sitka spruce. In most cases, the two low-stocked lodgepole pine aFMMs established at 

1,600 stems ha-1 and 1,100 stems ha-1 were the dominant reforestation options regardless of 

discount rate, and indeed large areas were reforested even with a discount rate of 9%. In the 

aFMM scenarios with the 1% rate, between 1,000 – 2,000 ha of lodgepole pine at 2,500 stems ha-1 

were reforested over the planning horizon. The cFMM and aFMM scenarios using 1% and 3% 

resulted in the reforestation of 3,700 – 4,600 ha of fertilised blanket peat with Sitka spruce. It is 

unlikely that Irish forestry will be using such low discount rates, especially when considering the 

previously discussed inherent risk of windthrow on blanket peat sites (see sections 3.4.2), as well 

as the issues of check and high seedling mortality (Carey et al., 1985; Renou & Farrell, 2005; Carey, 

2006). Perhaps this could happen in a severe recession, where the wood market is strong but 
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returns are lower for alternative investments (Klemperer et al., 1994; Bullard et al., 2002). These 

results reaffirm the superiority of the aFMMs to increase the NPV of blanket peat forestry. The 

aFMMs, as well as other alternative peatland forest management options, also have the benefit of 

increasing other ESs, which has been demonstrated in this study, and theorized by others (Tiernan, 

2007; Renou-Wilson & Byrne, 2015; DAFM, 2018).  

Some caution is necessary when extrapolating these results to all western peatland forests. Aerial 

fertilization is still an eligible management action on many other sites and costs around €150 ha-1, 

compared to the €450 ha-1 used here for manual fertiliser application. Naturally, site adapted 

management should be applied even if large-scale redesigning of the western peatlands is done, 

and aerial fertilisation might be used to ensure sawlog production on certain sites, especially those 

with sufficient drainage to avoid waterlogging and where exposure is not a limiting factor (Carey, 

2006). These drains should be designed with adequate buffer zones, sediment traps, and enough 

hydrological distance from sensitive waters to ensure the fertiliser does not negatively affect the 

water quality. Thus, future research should focus on the western peatland forest in a wider 

context and identify areas where aerial fertilisation could be a financial and environmental 

possibility. This analysis should use spatial specificity in its planning procedures to ensure that 

realistic fertilisation blocks are established, to avoid having small and scattered sawlog producing 

Sitka sprue stands around the landscape. It is also important to assess whether Sitka spruce will 

still be a suitable commercial species in the future if the worst-case climate change scenario (i.e. 

S1) materialises. Thus, a larger landscape level analysis in the context of climate change is 

necessary to assess the future commercial viability of Sitka spruce, including aerial fertilisation, as 

well as the provision of, and impacts on, ESs other than NPV and timber volume (De Groot et al., 

2010; Saura et al., 2011; Temperli et al., 2012).  

The discount rate had a large impact on the harvest assortments, which was tied to the 

abovementioned trends in the FMMs selected at reforestation in the different scenarios. As 

expected, the NPV decreased with increasing discount rates in all scenario sets (Farrell & Boyle, 

1990). The discount rate also impacted on the size of the clearfell areas and harvest volumes. The 

general trend was a decrease in clearfell area and harvest volume with increasing discount rates, 

mainly by reducing harvesting in the second half of the planning horizon. However, in the cFMM 

S3 scenario set the clearfelling area increased with increasing discount rate but the harvest volume 

decreased as the model opted to utilise shorter rotations ages with increasing discount rates 

(Brukas et al., 2001). Thus, the global scenario that was used (i.e. BAU, S1 and S3) and whether or 

not the aFMMs could be selected impacted on the harvest indicator results. One issue with using 

NPV as the objective in optimisation is that the results are very sensitive to the discount rate 

(Price, 1997), as shown in this study. In theory, the ALTERFOR model would schedule a clearfelling 

in a stand even if, after paying for the reforestation, the NPV would increase by only €1 per 

hectare. Such a small marginal profit could easily turn to a financial loss if a single sawlog had rot 

and was downgraded to pulpwood, or the harvesting machine suffered a minor production stop. 

Realistically, forest managers would choose to do no management intervention in such a stand.  

6.4 Conclusion 
Manual fertilising of blanket peat to establish Sitka spruce is a feasible management option under 

certain conditions (assuming the labour force is available), where sawlog prices increase, discount 

rates are 7% and below, and if aFMMs are not utilised. Thus, the work presented in this chapter 

fulfilled research objective 5 (Evaluate the impact the discount rate has on implementation of 

various aFMMs in the forest landscape). Careful evaluation would be necessary to ensure that 

these sites would actually produce quality sawlog, as lower value assortments (i.e. pallet wood, 

stake wood, and pulpwood) would not make the management action financially viable. The 

introduction of aFMMs made fertilisation an unattractive option for any discount rate over 3%. 
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Since the results for the aFMM scenarios in Chapter 6 showed that besides improving NPV they 

also improve other ESs, the use of these aFMMs in future reforestation on the peatlands should be 

recommended instead of any fertilisation. 

Furthermore, since the study used a 5% discount rate as the default value (i.e. in Chapters 3, 4, 

and 5), this analysis has confirmed that it was the right decision not to include Sitka spruce 

fertilisation as a reforestation option in the previous chapters. 
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7 General discussion 

Recognising the importance of Sustainable Forest Management (SFM) and forest Ecosystem 

Services (ESs), and the impacts changing climate can have on forests have become important 

aspect of forest research and policy in recent decades (Lindner et al., 2010; Seidl et al., 2016). 

Improved understanding of forest ecosystems and increased computer processing capacity has led 

to a large number of Forest Management Decision Support Systems (FMDSS) with varying 

capacities regarding the spatial, temporal, comprehensiveness and problem solving formulation 

aspects (Nobre et al., 2016). The research objectives of this thesis were achieved by developing 

the ALTERFOR model (with its many modifications) in Remsoft’s Woodstock software. The 

ALTERFOR model includes the impacts of climate change and dynamic timber assortment prices, 

resulting from varying levels of bioeconomy expansion, and ES indicators in the reported outputs. 

Thus, the ALTERFOR model results provide useful information on how forest landscapes, forest 

management and forest ES provisions can be impacted in potential futures. Linear programming 

was useful in finding the optimal management solutions for maximising Net Present Value (NPV) 

under the global scenarios and analysing how forest ESs could be affected in the future, i.e. 

research objectives 1 and 2 (Section 1.12). Developing models to forecast how climate change 

scenarios could impact forest management and forest ESs have become common topics (Muys et 

al., 2010; de Rigo et al., 2017; Mozgeris et al., 2019). Often these studies highlight that the 

currently dominant species will be unsuitable for timber production in the future, that 

management should focus on providing a broader range of ESs, or both, resulting in the modelling 

of modified or alternative forest management approaches (Mina et al., 2017; Eggers et al., 2019). 

Research objectives 3, 4 and 5 (Section 1.12) are all very much in line with this area of forest 

modelling, and as other studies have shown it is usually difficult to identify one management 

strategy or stand management approach that can provide all ESs at preferable levels (Eggers et al., 

2020). 

Chapter 1 contains an introduction to topics covered in this thesis: sustainable forest 

management, ESs, climate change and forestry, and decision support systems used in forestry,  

Irish forestry and the objectives of the study. Chapter 2 describe the development of the 

ALTERFOR model in Remsoft’s Woodstock software, which was designed to include the impacts of 

climate change and dynamic assortment prices on forest ESs: NPV, standing timber, harvested 

timber, carbon pools, windthrow risk, biodiversity, water quality, and cultural services (Figure 71). 

Recently introduced forest policies and best-practice guidelines in Ireland include higher 

requirements on landowners and forest managers to maintain and improve other ESs than timber 

production, e.g. carbon sequestration, biodiversity, water quality, and visual amenity of forests. 

However, most landowners and forest managers in Ireland manage toward maximising the 

economic returns of their forests, while complying with forest policy and certification guidelines to 

protect and provide the abovementioned ESs. Some of these complying management actions 

include establishing buffer zones during afforestation, retrofitting buffer zones in existing stands, 

fulfilling requirements of species diversity, and avoiding too large adjacent clearcuts. These 

aspects of the Irish forest industry were implemented in the ALTERFOR model. The model 

operated based on maximising NPV, like most of Irish forestry, while adhering to the forest policy 

requirements and certification guidelines. The model was used to determine the limits of forest 

ESs that the Case Study Area (CSA) can provide, described in Chapter 3. Relative to these limits, the 

model was used to assess the supply of forest ESs under the global scenarios in Chapter 4, which 

included different climate change impacts and dynamic assortment prices based on global 

development scenarios. Interviews were held with stakeholders to identify the current and future 

policy conflicts surrounding blanket peat forestry and Irish forestry in general, and in Chapter 4 

alternative Forest Management Models (aFMMs) were developed to address some of the conflicts 
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highlighted in these interviews. The ALTERFOR model was run with and without these aFMMs, to 

determine their suitability as management options under the global scenarios and their impacts on 

forest ESs provision. Finally, in Chapter 6, the model was used to investigate under which global 

scenarios and discount rates manual fertilisation and planting of Sitka spruce would be 

economically preferable to utilising lodgepole pine and the aFMMs. The work presented in this 

thesis fits within the ALTERFOR research project that has as goal to provide improved and new 

approaches in forest management that are robust enough to address the challenges of the 

21st century, ranging from the uncertainties of climate change and the complex dynamics of 

evolving global markets to the pressures for increased use of bioenergy (ALTERFOR, 2020). The 

minimum and maximum runs helped establish the range of ESs that the landscape could provide. 

The ES indicator range was useful in evaluating ESs provisioning in the current FMM (cFMM) and 

aFMM global scenarios, especially since maximising NPV did not prioritize producing any other ES 

indicators than NPV. This range could be used to develop a goal programming model, which could 

be utilised for multi-criteria optimisation so that other ESs, or stakeholders’ preference for ESs, can 

be included in the objective function. The involvement of forest stakeholders from the forest 

industry, government agencies and non-governmental organisations helped in bringing the 

ALTERFOR model closer to the real forest policy and managerial specific situation in the CSA. The 

stakeholders also helped to identify forest policy conflicts relevant for the CSA and large parts of 

Ireland, and the aFMMs were developed to solve and mitigate some of these conflicts. Overall, the 

aFMMs provided multiple benefits in relation to forest ESs, NPV included, and are well suited to 

peatland sites with low fertility and forests with low productivity. 

 

Figure 71. Summary of the work presented in this thesis. Blue = Chapter 3; Light green = Chapter 4; Dark green = Chapter 

5; Red = Chapter 6; Yellow = Chapter 7. 

The ALTERFOR model was developed based on a previous Woodstock model, the UCD INTEGRAL 

model, which in turn was developed from Coillte’s Woodstock harvesting schedule model. 

Development of a model in the Remsoft Woodstock software that incorporates non-traditional 

aspects of forest management planning (e.g. climate change and ESs) requires a degree of user 

experience; however, Woodstock allows for a high degree of user-customization, making it 

possible to integrate these aspects without too much effort. The software is so versatile that the 
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impact of climate change has been implemented in another Irish study, using a different 

methodology (Keenan et al., 2017). Woodstock’s integrated modelling environment allowed for 

the simple creation of model scenarios where different objective functions, management options, 

global scenarios, and/or discount rates could easily be combined so that model scenario results 

could be compared to evaluate the trade-offs between, for example, using all aFMMs under 

different global scenarios or using just one of the aFMMs in each model run. A flawless FMDSS is 

indeed a rare thing, and there is always room for improvement. Below is a summary of future 

research opportunities, with the remainder of the chapter focusing on some potential 

improvements and shortcomings of the ALTERFOR model.  

7.1 Future research areas 
• To better include the impact of windthrow, the minimum and maximum clearfelling 

heights could be lowered in the model, based on local knowledge and experience. This 

would likely reduce the area of older stands and have impacts on other ESs. 

• Impacts of climate change vary regionally and locally, which is why large-scale climate 

models often have too low resolution to provide good information for useful decision 

making (Koca et al., 2006). The overall research conclusion is that climate change will 

affect countries very different (Bergh et al., 2003; Loustau et al., 2005; Mozgeris et al., 

2019), with countries like Germany experiencing both positive and negative impacts, 

depending on location (Fürstenau et al., 2007; Biber et al., 2018). With the development of 

the ALTERFOR model it would be interesting to implement the climate change impacts 

using different spatial scales and evaluate if there are large differences in matrix build time 

and optimal landscape management approaches of using more locally specific, higher 

resolution climate change productivity estimations. The climate change data in Climadapt 

is scaled down from a low-resolution dataset (Ray et al., 2009), and utilising higher 

resolution data could improving the forecasting precision and accuracy of the climate 

change impacts on productivity and species suitability in the future CSA forest landscape.  

• Another interesting research opportunity would be to investigate how clearfelled sites 

develop naturally and include this as a management option. There is research on the 

natural regeneration of lodgepole pine (Renou & Farrell, 2005), which could be integrated 

with knowledge gained from unplanted areas that were burned by the Cloosh fire (Section 

7.4). Identifying cleared and not replanted sites should not be too difficult, as well as site 

characteristics that might explain their development following clearfelling. These no-

management areas should be evaluated for NPV, carbon sequestration and biodiversity. 

The negative impacts of deforestation on national carbon accounting aside, allowing sites 

to regenerate naturally or even seed sites with native trees might result in more 

preferential alternative management, both for stakeholders and ESs, than the low-stocked 

lodgepole pine aFMMs proposed in this study.  

• Although the majority of the western peatland sites are low productivity, the results of 

Chapter 7 showed that there might be opportunities to look at these forests in a landscape 

planning perspective to identify larger areas where aerial fertilising to plant Sitka spruce 

could be viable. These sites should be financially viable, and management should not have 

any adverse environmental impacts. Spatial analysis should be utilised in the planning 

procedure to ensure realistic fertilisation blocks are established. This would better utilise 

more productive peatland sites, produce more valuable assortments, as well as creating a 

mosaic landscape and store more carbon than the low stocked lodgepole pine aFMMs. 
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7.2 Refinement of the ALTERFOR model 
The ALTERFOR model, described in Chapter 3, is not a fully comprehensive modelling system that 

evaluates all possible forest ESs. The model could be developed further by incorporating more ES 

indicators, additional factors that affect forest productivity and new scientific findings, which 

would result in a more comprehensive FMDSS that could be used for more accurate and complex 

analyses of the impact of global development scenarios on forest landscapes and on their optimal 

management. The following section focuses on the potential refinement of ESs indicators currently 

used in the model and on additional ESs that could be included to improve realism, applicability 

and accuracy of the model results. 

7.2.1 Timber 

Demand for woody material is expected to increase, especially the utilisation of wood for 

bioenergy (IFFPA, 2017). Extraction of harvest residues is increasing in Ireland, but it was not 

included in the model mainly because most harvest residues are utilised in the brash matts on 

blanket peat sites. There were sites suitable for harvest residue extraction in the CSA, but the yield 

tables only included assortments with a diameter greater or equal to 7 cm, which made harvest 

residue difficult to quantify and implement as an additional assortment. Biomass expansion factors 

could have been used to predict the amount of harvest residues, but it would still have been 

necessary to estimate how much of the harvest residue could and would be extracted. Including 

harvest residue as an assortment will improve model realism, especially when applying it to Irish 

forest landscapes without peat soils (Murphy et al., 2014). Further improvements regarding the 

timber ES would be the utilisation of Irish growth and yield tables for larches and broadleaves, 

instead of the British Forestry Commission (BFC) static yield tables. There were GROWFOR yield 

tables available for larch, but they were based on very few stands and contained nearly twice as 

much volume by age as the BFC yield tables, so they were not considered realistic. Broadleaf yield 

tables were not available from GROWFOR, even though tables for ash have been produced, which 

meant that the BFC yield tables had to be used. These are based on perfectly managed stands with 

no natural mortality, which underestimated the amount of deadwood volume in the landscape 

(Mäkinen & Isomäki, 2004). Since the BFC yield tables were based on thinned stands, they did not 

represent unmanaged broadleaf stands in the CSA and gave the model less flexibility in choosing 

when to thin. Using these tables also meant that the total broadleaf volume was underestimated 

(Green et al., 2007), and that the volume in large trees was overestimated, since unthinned stands 

tend to have a higher total volume stored in a higher number of trees, compared to thinned stands 

(Mäkinen & Isomäki, 2004).  

7.2.2 Carbon 
The carbon ES assessment was comprehensive and involved a lot of work, but there are three 

improvements that could be made: i) wood lost during processing, ii) firewood displacement of 

other fuels, and iii) machine emissions. Wood volume lost during processing of sawlog into lumber 

was estimated to be around at 43% of harvested volume, and this was assumed to be used 

internally at the processing plant to dry lumber (Renström, 2006). Although sawlog production 

rapidly decreased in all scenarios, this energy waste wood should be accounted as a fossil fuel 

carbon substitution as the likely alternative would be to use oil or gas to dry lumber, if 

economically feasible. Alternatively, the energy waste wood could be used for heating residential 

buildings (Nicholls et al., 2004). Using firewood in private houses resulted in a negative fossil fuel 

substitution since it was combusted in inefficient domestic stoves, as opposed to the bioenergy 

assortment utilised in combined heat and power plants. However, as with the wood ‘lost’ during 

processing, these households would be using an alternative heating source if firewood was not 
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available. In rural Ireland this might have been gas, oil or even turf, which would cause 

degradation of peatland habitats and result in higher CO2 emissions than the use of firewood 

(Murphy et al., 2014; Forest Research, 2020; SEAI, 2020). Even though carbon emissions from 

firewood was minor in relation to other carbon pools, this addition would improve the model. 

Carbon emissions from forestry machinery and wood trucks were not accounted for in the model. 

A Polish study of the same harvesting system used in Ireland (harvester and forwarder), reported 

5.5 kg of CO2 emissions per harvested and transported m3, but this was based on a shorter 

trucking distance than for the lodgepole pine harvested in the CSA (Lijewski et al., 2017). These 

carbon emissions could be calculated post-optimisation based on average emissions per harvested 

cubic metre of wood and based on the transport distance to major processing plants. 

7.2.3 Windthrow and wildfire risk 

The issues with the windthrow ES indicator only measuring the windthrow risk and not affecting 

stand stocking in the model has already been discussed in Section 3.4.2. Besides the windthrow 

risk, the windthrow impact on the stand stocking would have to be estimated (i.e. the attribute 

value for themes 3, 13, and 15). Perhaps stocking could be reduced based on cumulative high 

windthrow risk estimates using National Forest Inventory data, but this method would not 

properly account for the windthrow impact of irregular storm events. This aspect is worth 

mentioning here since reduced stocking from windthrow would have an impact on most other ES 

indicators and the scheduled management actions. Attempts were made to include a combined 

wildfire risk index, based on a stand flammability index and an initial spread index (Nugent, 2012). 

Since the flammability index and initial spread index of adjacent stands had a large impact on 

predicting the wildfire risk of a single stand (Fernandes, 2009; Garcia-Gonzalo et al., 2012), the 

wildfire index could not accurately be included because the spatial relationships of dvtyps was not 

known in the model. Another issue relating to regulatory ESs that was not included in the model 

are pests and diseases; they are discussed below in section 7.2.9. 

7.2.4 Biodiversity 

Biodiversity ES indicators specific to suitable habitat types in Ireland (i.e. deer cover, deer forage, 

hen harrier habitat, red squirrel habitat, nesting bird habitat, and ground vegetation) were 

developed for the INTEGRAL model (Corrigan & Nieuwenhuis, 2016). Although these indicators 

were present in the ALTERFOR model, they have already been reported in several previous studies 

(Corrigan & Nieuwenhuis, 2016; Corrigan & Nieuwenhuis, 2017; Corrigan & Nieuwenhuis, 2019). 

Reporting on them in this study would result in an excessive amount of biodiversity ES indicators 

to present and discuss. Additionally, these indicators were tied to forest types based on species 

and age class, so they would only be affected by management actions that changed the forest type 

and not by the climate change factors. 

7.2.5 Water quality 

Apart from adding a spatial aspect to the model to more accurately estimate nutrient emissions to 

watercourses, the water quality ES indicator could benefit from estimating the sediment load in 

streams, since it is a major detriment to Freshwater Pearl Mussel (FPM) habitat and salmonid 

spawning beds. The enhanced revised universal soil loss equation by Sivertun and Prange (2003), 

which estimates sedimentation risk based on soil type, distance to watercourse, slope length, and 

land-use has been implemented in Woodstock models (Corrigan & Nieuwenhuis, 2016). Drained 

peatlands resulted in carbon lost in the form of oxidisation and the sedimentation of organic 

material in streams; both were part of the carbon accounting in the model and the carbon 

sedimentation aspect could also be included as an additional water quality indicator to improve 

the model’s realism. The sedimented carbon would have to be expressed as the organic material 

mass, and sedimentation from non-peat land parcels and sedimentation from harvesting 
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operations would also need to be estimated. The sedimentation risk at the landscape level can be 

difficult to interpret because it does not directly translate into a mass of sediment reaching 

watercourses, but it can be useful for identifying areas with increased sedimentation risk due to 

proposed management actions (Sivertun & Prange, 2003) or to forest policies that will lead to 

reduced water qualities (Corrigan & Nieuwenhuis, 2017). However, since the baseline 

sedimentation risk of a stand was only impacted by clearfelling (Corrigan & Nieuwenhuis, 2016), 

the trend would be the same as for the P-emission indicator. The lack of a thinning impact on both 

the P-emission indicator and the sedimentation risk is clearly an area that needs further 

investigation, especially in relation to water quality, even though few thinning operations are 

scheduled on blanket peat. 

7.2.6 Cultural services 

The cultural ES indicator could not be interpreted easily, since it required close observation of all 

attributes weighed into one score to determine why a change in the RAFL index had occurred. 

However, weighing the attributes into a single score had the benefit of making the assessment of 

recreational suitability and aesthetic beauty of the landscape less dependent on changes in a 

single factor. It would be beneficial if the RAFL-index could be calculated in Woodstock, rather 

than having to be calculated post-optimisation. This limitation made it difficult to investigate what 

kind of forest management and combination of FMMs would result in an aesthetically pleasing 

forest with the best recreation potential. However, using the Hemeroby index attribute as a proxy 

worked well since clearfelling was found to be the management action that had the most negative 

impact on the RAFL-index. The best way to ensure satisfying provision of the recreation ES would 

be to build trails in the location of stands with high recreation potential, to ensure enough 

connectivity and large enough areas to make outdoor visits worthwhile for the public (Beverly et 

al., 2008; McIntyre et al., 2008). 

7.2.7 Spatial adjacency 

Including spatial information in the model would make it possible to incorporate spatial 

constraints in the optimisation and would allow for the identification of areas with high and low 

provision levels of specific ESs, rather than drawing conclusions based on average landscape values 

(Schröter et al., 2015; Filyushkina et al., 2016). Adjacency constraints would prevent large 

contiguous clearfell areas to be part of the optimal strategic management solution, as these are 

not compliant with Irish certification rules. Spatial adjacency would also produce more effective 

solutions for NPV and help identify larger areas in the forest landscape where a different 

management designation would be suitable and realistic, e.g. not managing stands for timber 

production if the adjoining areas are managed for water protection, biodiversity or recreation 

(Öhman & Eriksson, 2002). Implementing spatial information in the model would also improve the 

assessment of many ES indicators, since e.g. windthrow risk, wildfire risk, spread of pests, and 

forest edge habitat effects on biodiversity depend on the spatial relationship between 

neighbouring forest stands and other land-use parcels.  

To analyse spatial specificity, the Remsoft Spatial Planning System includes “Spatial Woodstock”, 

“Stanley”, and the “Allocation Optimizer”. Spatial Woodstock allows users to visually analyse the 

spatial location of management actions, wildlife habitat areas, areas storing large amounts of 

carbon, etc. Stanley utilises a modified area restriction model approach to bring the optimal, 

strategic Woodstock solution to a satisfying tactical solution. Stanley can alter the timing of 

scheduled harvesting to create harvesting blocks, minimise the contiguous clearfelled area, or 

apply other user defined spatial constraints (Walters et al., 1999). The Allocation Optimiser can be 

used to ensure the delivery of specific timber assortment volumes to different processing plants, 

with their distance from the harvesting area affecting transportation costs. The Allocation 
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Optimiser was not used in the ALTERFOR model since it is most useful in ensuring that processing 

plants receive their required volumes to operate, and this was not an objective in the study. 

Additionally, the local Coillte forest manager revealed that most sawlog went to one sawmill, and 

most pulpwood went to Coillte’s Medium Density Fibreboard (MDF) and Oriented Strand Board 

(OSB) mills in the south-east of Ireland. The strategic ALTERFOR model management schedule was 

inputted to Stanley. However, Stanley can only produce a tactical plan for the next 50 years, 

meaning most of the long-term impacts of the global scenarios in Chapter 5 and 6 could not be 

analysed. Thus, it was decided not to use Stanley.  

7.2.8 Linear assumptions of global scenarios 

The external global factors (i.e. climate change and dynamic assortment prices) were implemented 

in the model with the assumption that changes occurred linearly between the timepoints for 

which future predicted productivity change and timber prices were available. The linear 

implementation removed large year-to-year changes in productivity and assortment prices, which 

linear programming models can respond strongly to (Kangas et al., 2000). Before the global 

scenario change was implemented linearly, early model runs showed that the optimal solution was 

to delay all harvesting until the year in which a new assortment price was applied, and then 

schedule clearfelling of nearly 10% of the CSA in the same year. The smaller, annual changes 

helped reduce this problem, along with the constraint on maximum clearfelling area and the 

eligible clearfelling age. The assumptions on annual changes in assortment prices are probably not 

too far from reality, since timber prices often change, not just between years, but during the year 

as well (Sohngen et al., 1999; Teagasc, 2018). Although a sustained linear change in timber prices 

from year to year is rare and timber prices are rarely increasing or decreasing evenly for every year 

in a 10-year period, and specific details on future timber prices were not available, it was 

considered more realistic to implement smaller annual price changes than larger decadal price 

changes. The dynamic assortment prices were based on trends due to changes in demand on 

global markets and due to an expanding bioeconomy associated with different levels of climate 

change mitigation. Climadapt only provided a climate change based future productivity change for 

the year 2080. Implementing all the change in this one year would result in climate change not 

having any impact over most of the planning horizon, and the linear programming nature of the 

ALTERFOR model would result in a drastic shift in management actions around this year, rather 

than having a gradual change in management actions. Temperature changes due to climate 

change are not predicted to be linear (Cubasch et al., 2001), but temperature is not the only factor 

affecting species productivity. Small changes in the climate might have little to no impact on 

ecosystems until a threshold is reached and abrupt changes can take place (Schneider, 2004). 

Furthermore, species have different adaptation rates to a changing climate, and some species 

might be able to tolerate small to moderate changes in climate without it having any effect on 

their productivity, while other species might not (Visser, 2008). Thus, the climate change induced 

productivity changes should not have been implemented linearly for all species. However, there 

was no way of knowing how rapid the change would take place since the only available data from 

Climadapt was a baseline productivity for 1990, and a predicted productivity for 2080. This also 

raises the question what will happen with productivity after 2080? Since that was not known, the 

2080 productivity was applied for all following years. Due to the issues discussed above regarding 

implementing large, instantaneous changes in a linear programming model, it was decided to 

implement climate change linearly, even if the changes in productivity are not entirely linear. 

7.2.9 Pests and diseases 

A caveat to the ALTERFOR model that impacts on all model runs was the exclusion of current and 

future pest and disease outbreaks and wildfires. The lack of relevant information about future 

outbreaks meant these potentially devastating impacts could not be modelled and they were 
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therefore excluded (Cunniffe et al., 2015). The health of the Irish forest estate is currently 

considered good (Cummins et al., 2011), and historically the Irish forests have been relatively free 

from pests and diseases (McCarthy, 1993). However, ash dieback disease, caused by the fungi 

Hymenoscyphus fraxineus, affecting ash trees, and Phytophthora ramorum, a fungi-like pathogen 

affecting mainly larches, are now present in Ireland (Walsh et al., 2017). European ash dieback was 

first reported in Poland in the early 1990s and the disease has since caused significant damage to 

European ash (Nielsen et al., 2017). The disease causes high mortality, and only 1-5% of the native 

European ash population has a reasonable level of resistance (Lobo et al., 2014). Ash dieback was 

first confirmed in Ireland in 2012, which resulted in a suspension of grant-aiding the establishment 

of ash plantations (McCracken et al., 2017). Early symptoms include wilted leaves, blackened dead 

shoots and small lesions, and trees with prolonged infections exhibiting large lesions, and dead 

twigs, branches, or stems. There was very little ash present in the CSA, most of it designated as 

Native Woodlands Sites, but there are likely infected trees and stands. Phytophthora ramorum has 

been confirmed in Ireland since 2002 but was first detected on Japanese larch in Ireland in 2010 

(Walsh et al., 2017). Symptoms of the disease include cankers or lesions on the trunk that exude 

fluid, and infected larch needles can wither, wilt, and become blackened. Over 18,300 ha of larch 

forests have been removed in Ireland and the UK in an attempt to controlling P. ramorum, and the 

species have been detected on at least 30 hosts in Ireland, including Abies, Picea, and Larix 

(O'Hanlon et al., 2016). The extent of P. ramorum infected larch in the CSA was not known, but 

most larch dominated stands were scheduled for clearfelling in the first 30 years of the planning 

horizon, but this was due to their age rather than due to disease. The forest in the CSA is very 

homogenous, which makes it more susceptible to pest and diseases (Klapwijk et al., 2016), 

especially if new invasive species that specialise in Sitka spruce or lodgepole pine would arrive. 

Changing climate and increased global trade have already been identified as causes for the 

spreading of invasive forest pests and diseases (Ramsfield et al., 2016). Thus, this risk to Ireland’s 

homogenous peatland forests should not be underestimated and its exclusion from the model 

needs to be considered when interpreting these results. Researchers modelled spruce budworm 

(Choristoneura fumiferana Clem.) outbreaks in New Brunswick, Canada, using optimisation and 

found that a 15% - 25% (depending on outbreak severity) cumulative reduction in spruce and fir 

harvestable timber supply could be expected in the next 50 years following an outbreak (Hennigar 

et al., 2013). Based on these results, they developed salvage harvest actions and re-optimized 

harvest schedules which reduced the cumulative harvest loss by 12% - 15% (Hennigar et al., 2007; 

Hennigar et al., 2013). Another Canadian study calibrated the yield tables used in forest 

management planning to include increased tree mortality from pest outbreaks (Erdle & MacLean, 

1999). Although the calibrations were based on empirical data, which would not be available in 

Ireland for new pests and diseases, empirical data might be found in neighbouring countries or 

countries with similar forests. The ALTERFOR model could be modified to include low to high tree 

mortality rates in the future, depending on climate change intensity in the global scenario, to 

provide results on a scale from minimum impact to the worst-case scenario. Additional research 

would be required to accurately quantify the risks and potential impacts of future pests and 

diseases in Ireland and to develop contingency plans to mitigate the negative consequences of 

their arrival, potentially using the ALTERFOR model. 

7.2.10 Forest stocking, peat depth and check 

The GROWFOR yield tables that were used for conifers were developed using mainly data from 

mineral soil sites (predominantly gleys); two of the 61 Sitka spruce test sites (with varying numbers 

of sample plots) were located on blanket peat, two out of 13 lodgepole pine tests sites were 

located on blanket peat, and none of the non-Sitka spruce conifers used for sawlog production had 

any test sites located on blanket peat (UCD Forestry, 2019). Thus, these yield tables might not be 

accurate for predicting tree growth in a landscape dominated by blanket peat, probably resulting 
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in an overestimation of the available merchantable volume from these nutrient poor peat soils. 

Coillte staff have observed that many blanket peat sites in the CSA are not fully stocked due to 

high seedling mortality (Malone, 2019), which was reflected in Coillte’s forest inventory. Although 

a reduction in stocking levels for reforested stands on peat would likely improve model accuracy, 

there was no correlation between either elevation or field observed YC and stand stocking level. 

Additionally, there was no consistency or uniformity in the observed reduced stocking levels for 

different site types, making it impossible to lower the stocking levels to reflect higher seedling 

mortality rates on blanket peat sites in the ALTERFOR model.  

Both fertilised and unfertilised Sitka spruce and lodgepole pine stands can suffer from a condition 

called “check”, about a decade after planting (Carey, 2006). Check expresses itself by the foliage 

turning yellow and the trees stopping to grow due to insufficient mineral nutrients in the soil. 

Forests on blanket peat soils perform very differently depending on peat depth (Renou-Wilson et 

al., 2008), and since peat depth is one factor affecting site productivity (Carey et al., 1985), a 

methodology could be developed where peat depth is used as an indicator of whether sites are 

expected to have high-seedling mortality or stands to go into check, or both. This could provide a 

better assessment of a site’s real productivity since the observed productivity is largely influenced 

by previous cultural treatment, often in terms of fertiliser application (Carey et al., 1985). 

However, there were no accurate data on peat depth available, nor on how peat depth affects 

seedling survival and the possibility of stands going into check. If such data were available, forest 

managers could use these to adjust management practices (stocking, species, and fertilization 

rate, where applicable), to more efficiently manage Ireland’s western peatlands forests. 

7.3 Model application outside of the case study area and outside of Ireland 
The ALTERFOR model was to a degree adapted to the specific forestry conditions in the CSA, and 

some changes would be necessary to apply it to other forest areas in Ireland. Apart from the land-

use layer, these changes include the climate change impact factors, the transportation costs, the 

restriction of fertilising during reforestation, and an elevation limit for planted broadleaves. The 

aFMMs were developed to address forest policy conflicts in the CSA, but many of those issues are 

also relevant to forests on all of the western peatlands. For the cutaway peat in the midlands, the 

BOGFOR project has evaluated various species mixtures that could be used as aFMMs (Renou-

Wilson et al., 2008). Additionally, a large number tree species are available for planting on the 

more fertile soils of southern and eastern Ireland, including eucalyptus (Coates et al., 2017) and 

other bioenergy species, and a project is currently underway to study thinning techniques to 

transform even-aged Sitka spruce stands to continuous cover forestry (Teagasc, 2020). The 

ALTERFOR model could easily be modified to incorporate these additional management models to 

evaluate the long-term impacts of global scenarios on ES provisions in other parts of Ireland.  

The framework under which the ALTERFOR model was developed, the ALTERFOR project, utilised 

many standardized ES indicators to make results comparable between countries, although it 

meant that ESs specific to the local cases were not reported (Nordström et al., 2019) even though 

they were included in the model. As for utilising the model to make forecasts in other countries, 

Woodstock is used to manage around 202.3 million ha of commercial forests around the globe 

(Remsoft, 2019a). In theory, the model could be applied in other countries, but since major 

modifications would be necessary, it would be easier and more efficient to build a new model 

from scratch, using the same framework for ES indicators and global scenarios. 

7.4 Cloosh fire 
In early May 2017 a large wildfire, called the Cloosh fire, spread through the southern parts of 

Cloosh forest and adjacent land. Around 3,500 ha of land was burned in the CSA, out of which 849 

ha of stocked Coillte owned forests were affected by the fire. Around two thirds of affected stands 
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were dominated by lodgepole pine, with the remainder being Sitka spruce. The average age was 

22 years, the average YC was 10, and 99% of all stands were on blanket peat soils. Even though the 

fire raged after the ALTERFOR model start year 2016, there were plans to include the effects of the 

Cloosh fire in the model. However, information on how much of the standing timber in burnt areas 

could be salvaged and utilised, and how these sites were regenerated (i.e. a combination of 

natural regeneration and planting) was not available until late summer 2019, and at that point all 

the model runs, analysis of results, and most of the thesis writing had already been completed. 

Thus, the impact of the Cloosh fire was not included in the ALTERFOR model. The main effect of 

including the fire in the model would have been a sharp reduction in all beneficial ES provisions, 

except windthrow risk, and with biodiversity benefiting from a large amount of burnt deadwood. 

NPV would have been negatively affected and the transition to lodgepole pine FMMs would have 

occurred sooner. In the model runs that include the aFMMs, many sites would likely have been 

reforested using the low-stocked lodgepole pine aFMMs. Since many of the burnt sites had low 

productivity, it would have been interesting to evaluate the suitability of these areas for lodgepole 

pine aFMMs, bog restoration or establishment of wilderness areas.  

7.5 Concluding remarks 
The research and model developed in this study describes a FMDSS capable of analysing the 

impacts of climate change and dynamic assortment prices on forest management approaches, the 

forested landscape, and the provision of ESs. The detailed silvicultural scenarios at stand level, the 

scientific basis for the forest ESs indicators, the inclusion of policy changes and global climate 

change impacts on forestry and markets, and stakeholder preference research, are aspects of Irish 

forest management that have previously been modelled in FMDSSs individually or in some limited 

combinations. However, this is the first time that all of these aspects have been combined in a 

single FMDSS in Ireland. Remsoft Woodstock was found to be suitable for the development of the 

ALTERFOR model and for the investigation of the research objectives, due to its user 

customisability and excellent customer support. 

The work presented in this thesis has resulted in the development of a FMDSS that can be used to 

analyse global scenario impacts on Irish forest management and on forest related ESs. The model 

was used to find the biophysical range of ES indicators at the landscape level, which was useful to 

evaluate ESs provision in the global scenarios. Recently implemented policy impacted on the 

results, which must be kept separate from the impacts of external global factors, such as climate 

change and timber markets. Additionally, the dynamic timber prices were shown to have a higher 

impact on forest management, forest ESs, and forest composition than the climate change 

impacts. aFMMs specifically designed for low-productivity peatland sites were developed for use 

in the ALTERFOR model. Their future use will lead to improved provision levels for many ESs, 

including NPV, while requiring a lower management intensity than the cFMMs.  
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9 Appendix 

9.1 Appendix A: Comprehensive list of species and land-uses 
Species 
abbreviation 

Species  Scientific name 

Tree species 

ALD Alder Alnus glutinosa (L.) Gaertn. 

ASH Ash Fraxinus excelsior L. 

BE Beech Fagus sylvatica L. 

BI Birch, downy & silver Betula pubescens Ehrh. & Betula pendula 
Roth 

CP Corsican pine Pinus nigra var. maritima J. F. Arnold 

DF Douglas fir Pseudotsuga menziesii (Mirb.) Franco 

GF Grand fir Abies grandis (Douglas ex D. Don) Lindley 

HAZ Hazel Corylus avellana L. 

HL Hybrid Larch, Dunkeld Larch Larix × marschlinsii Coaz (syn. Larix × 
eurolepis Henry nom. illeg.) 

HOL Holly Ilex aquifolium L. 

JL Japanese larch Larix kaempferi (Lamb.) Carr. 

LPI Lodgepole pine Pinus contorta Douglas 

LPL Lodgepole pine - Lulu island Pinus contorta Douglas 

LPN Lodgepole pine - north costal Pinus contorta Douglas 

LPS Lodgepole pine - south coastal Pinus contorta Douglas 

MP Monterey pine Pinus radiata D.Don 

NF Noble fir Abies procera Rehder 

NS Norway spruce Picea abies (L.) H. Karst. 

OAK Oak, pedunculate & sessile Quercus robur L. & Quercus petraea (Matt.) 
Liebl.  

OB Other broadleaves 

OC Other conifers 

PO Black poplar Populus nigra L. 

ROW Rowan Sorbus aucuparia L. 

SAL Willow, Goat willow Salix spp. L., Salix caprea L. 

SF Silver fir Abies alba Mill. 

SP Scots pine Pinus sylvestris L. 

SS Sitka spruce Picea sitchensis (Bong.) Carr. 

SYC Sycamore Acer pseudoplatanus L 

WH Western hemlock Thuja plicata Donn ex D.Don 

Agricultural and other land uses 

BKN Bracken Pteridium aquilinum (L.) Kuhn 

BOG Peat moss Sphagnum spp. L. 

BTN Bog Cotton Eriophorum angustifolium Honck. 

CLA Heather Calluna vulgaris (L.) Hull 

FZE Gorse, Furze Ulex spp. L. 

GRS Grass Poa spp. L. 
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IG Intensive grassland 

LG Marginal grassland 

MLA Purple moor-grass Molinia caerulea (L.) Moench 

OV Other ground vegetation 

RSH Common rush Juncus effusus L. 

SCS Wood club-rush Scirpus sylvaticus L. 

WT Winter crops 
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9.2 Appendix B: Irish Forest Soils 
IFS soil IFS Soil Description Included Great Soil Groups 

Deep well drained mineral 

AminDW Derived from mainly non-calcareous parent 
materials 

Acid Brown Earths, Brown Podzolics 

BminDW Derived from mainly calcareous parent 
materials 

Grey Brown Podzolics, Brown Earths (medium-
high base status) 

Shallow well drained mineral 

AminSW Derived from mainly non-calcareous parent 
materials 

Lithosols, Regosols 

BminSW Derived from mainly calcareous parent 
materials 

Renzinas, Lithosols 

Deep poorly drained mineral 

AminPD Derived from mainly non-calcareous parent 
materials 

Surface water Gleys, Ground water Gleys 

BminPD Derived from mainly calcareous parent 
materials 

Surface water Gleys, Ground water Gleys 

Shallow poorly drained mineral 

AminSP Derived from mainly non-calcareous parent 
materials 

Surface water Gleys (Shallow), Ground water 
Gleys (Shallow) 

BminSP Derived from mainly calcareous parent 
materials 

Surface water Gleys (Shallow), Ground water 
Gleys (Shallow) 

Poorly drained mineral soils with peaty topsoil 

AminPDPT Derived from mainly non-calcareous parent 
materials 

Peaty Gleys  

BminPDPT Derived from mainly calcareous parent 
materials 

Peaty Gleys 

AminSPPT Derived from mainly non-calcareous parent 
materials 

Peaty Gleys (Shallow) 

BminSPPT Derived from mainly calcareous parent 
materials 

Peaty Gleys (Shallow) 

Shallow, lithosolic-podzolic type soils potentially with peaty topsoil 

AminSRPT Predominantly shallow soils derived from 
non-calcareous rock or gravels with/without 
peaty surface horizon  

Podzols (Peaty), Lithosols, Peats  

BminSRPT Predominantly shallow soils derived from 
calcareous rock or gravels with/without peaty 
surface horizon 

Lithosols, Peats 

Alluviums 

AlluvMIN Mineral alluvium Variable 

AlluvMRL Marl type soils Variable 

Lac Lacustrine–type soils Variable 

Peats  

RsPt Raised bog Basin Peats 

BktPt Blanket peat Blanket Peats 

Cut Cutaway/cutover peat Basin Peats, Blanket Peats (some) 

FenPt Fen peat Basin Peats 

Miscellaneous 

Scree Scree   

AeoUND Aeolian undifferentiated   

MarSands Beach sand and gravels   

MarSed Marine/ Estuarine sediments   

Swamp Reed Swamp/Marsh   

Made Made/Built land   

Water Lake (including reservoirs)   

Unclass Unclassified \ 
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9.3 Appendix C: Grant Payment Categories 
 

  

Forest service GPC Main species Corresponding FMM 

1 - Unenclosed All approved broadleaf and conifer 
species, but lower grant due to 
established on unenclosed and/or 
unimproved land 

Corresponds to several 
FMMs 

2 - SS / LP Comprised of SS and/or LP only. Must 
be part of larger afforestation project, 
comprising other GPCs 

FMM1 & FMM5 

3 - 10% Diverse Conifer Intimate SS and/or LP mix with at least 
10% diverse conifers, or broadleaves 

FMM2 & FMM3 

4 - Diverse Conifer Stand comprised of accepted conifers 
other than SS and LP 

FMM4 

5 - Broadleaf Acceptable broadleaf species other 
than oak and beech, such as birch, 
sycamore, ash, and cherry 

FMM 8 & FMM9 

6 - Oak Pure oak stand, suitable nurse species 
used on large sites 

FMM 8 & FMM9 

7 - Beech Pure beech stand, suitable nurse 
species used on large sites, at least 
every 11th line of trees 

FMM 8 & FMM9 

8. Alders Pure alder stand FMM 8 & FMM9 

9 - Native Woodland 
Establishment (Scenario 1 - 
3) 

Planted target native woodland type 
depend on soil: scenario 1 - podzols, 
scenario 2 - brown podzolics, scenario 
3 - brown earths. See Native 
Woodland Establishment Scheme 
Manual, and the Native Woodland 
Establishment Framework 

FMM7 

10 - Native Woodland 
Establishment (Scenario 4) 

Planted target native woodland type 
depend on soil: scenario 4 - gleys. See 
Native Woodland Establishment 
Scheme Manual, and the Native 
Woodland Establishment Framework 

FMM7 



 

233 
 

9.4 Appendix D: Woodstock section code syntax 

 

Figure A 1. Unique attributes and some of the aggregates used for theme 10, elevation. The elevation aggregates were 

used in the dvtyp masks to declare reforestation actions – instead of one reforestation statement for every eligible 

elevation, the aggregates, e.g. EC1_2 (0, 50, and 125 m elevation), were used to declare reforestation eligibility. 

 

Figure A 2. Example of themes combined into development types, represented by each line, and amalgamation of 

identical development types with the same age, i.e. 2, 3, or 4 polygons. See the Theme sections (2.5.1 to 2.5.14) for an 

explanation of the attribute values. 
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Figure A 3. Operability statement for a few first thinnings, using Sitka spruce (SS), Norway spruce (NS), Douglas fir (DF), 

and Scots pine (SP) as examples. Thinning can start at different ages for different species, depending on their 

corresponding SS YC. Wildcards (Question marks) denote that the specific theme attributes are irrelevant for that action 

operability statement. Only species, SS YC, soil type, thinning history and the correct age matter. 

 

Figure A 4. Transition syntax for cases of clearfelling (aCF) and forestation or replanting (aRpl_) options with various 

species combinations: clearfelling transitioned dvtyps to the land use C (cleared), while the forestation transitioned 

stands to pure Sitka spruce (SS), Sitka spruce with 20% birch (SS_BI), pure Douglas fir (DF), pure Japanese larch (JL), and 

pure Norway spruce (NS), respectively. The theme 9 attribute 000 means the dvtyp can be thinned, but has not yet been 

thinned, and the theme 11 refor attribute means that the stand is reforested. The 100 at the end means 100% of all 

source dvtyps transition into that specific target dvtyp. Neither productivity (theme 2), soil type (theme 6), or elevation 

(theme 10) was relevant here; however, these attributes were used in the operability statement for the corresponding 

action and meant only eligible dvtyp, which is why each transition *CASE must correspond to a declared action code. 
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Themes 2, 4-8, 10, and 12-18 are all wildcards in the target statement. When using wildcards in the transition target 

statement, it indicates that the theme attribute does not change during transition. 

 

Figure A 5. Age-dependent yield (*Y) for Sitka spruce, YC 16, unthinned (USEZ). The leftmost column indicated the age, 

with average forest metrics ha-1, such as top height, diameter, number of trees ha-1, standing volume, merchantable 

volume in the small end diameter ranges 7-13 cm, 14-19 cm, and >20 cm, and average tree size. 

 

Figure A 6. Time-dependent yield (*YT) for all Sitka spruce dominated stands. The leftmost column indicates Current 

Period, rather than stand age. The yield yccycchange_sp1 is the climate change yield class change value for Sitka spruce 

volume for the first five periods in the ALTERFOR model. Only five values are shown here to limit the figure size. 
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Figure A 7. Complex yield (*YC, upper half), and compound complex yield (*YC, lower half), both declared under the same 

dvtyp mask. The complex yields multiply various stand metrics (numbers of stems, standing volume, and assortment 

volumes) with the dominant species stand occupancy (theme 3) to scale the yield table values (as they assume 100% 

stocking). The compound complex yield multiplies complex yields for standing volume and various assortment volumes 

with the yield class climate change factor and the factor for open space. 

 

Figure A 8. Seven examples of output declarations. 1) Inventory and area keyword to get the total area of a dvtyp mask, 

in this case forests (Trees_sp1). 2) Inventory keyword used with the yield YCsph_spX, to count the total number of trees of 

species 1, 2, and 3 in the forest. 3) Action code (aCF – clearfell) used with area keyword to get the total clearfell area. 4) 
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Action code (aCF) and yield (yc_cc_cflsaw_spx – volume large sawlog at clearfelling) to get the volume of large sawlog 

from clearfell). This works similarly to example 2, but where _INVENT accounts for the entire forest, the action code (aCF) 

restricts the yield to areas that were clearfelled. 5) Inventory and Area keywords, restricted by @AGE(0..5), gives the area 

with trees between the ages 0 and 5. 6) Inventory and Area keywords, restricted by @YLD (ytopht_sp1,20.001..25) gives 

the forest area with stands with a top height between 20 and 25 m. 7) Total harvest volume divided by total forest area 

to get harvest volume per hectare. All outputs are reported in each period and the user must sum all period values to get 

the planning horizon total of an output.  

 

Figure A 9. The optimise section for linear programming includes: 1) the Objective, here to maximise discounted revenue 

minus discounted costs over all periods in the planning horizon. 2) Constraints, here to ensure stands selected for thinning 

are thinned, that clearfell area does not exceed 300 ha in any year, that clearfelled potential buffers are established as 

buffers, and that there was no unplanted forest area present in the last period. 3) Which solver is used to solve the 

problem, in this case MOSEK. 

 

Figure A 10. Example of Woodstock schedule listing dvtyps with their age and their area, which action they were 

subjected to in which period. The last line lists if they were existing or future dvtyps. This example only contains 

clearfelling. Examining the theme (Th) attributes in top row shows us this dvtyp was a: Th1 LP = Lodgepole pine. Th2 16 = 

equivalent SS YC 16. Th3 1.00 = 100% stand occupancy of the first species. Th4 0 = windzone was not used. Th5 noENV = 

no environmental constraints. Th6 BktPt = Blanket peat soil. Th7 XXX = no mounding, bundling, or fertilisation on the site. 

Th8 CT = Coillte owned land. Th9 USEZ = not eligible for thinning. Th10 125 = elevation 100-150 m above sea level. Th11 

exn = dvtyp existing at the start of the model run. Th12 16 = equivalent SS YC 16. Th13 0.00 = 0% occupancy of the second 

species. Th14 16 = equivalent SS YC 16. Th15 0.00 = 0% occupancy of the tertiary species. Th16, Th17, and Th18 = unused. 

The age of the action was 36, and the treated are was 50.382 ha, by a clearfelling action (aCF), in period 1. 
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Figure A 11. Example of the report section: outputs are saved to the target file BAU_HM_no_SS_fert.dbf. The order 

outputs appear in can be user defined, as well as the periods the outputs are required. The keyword _ALL can be used to 

report on all declared outputs, using the order in which they were declared in the output section. 
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9.5 Appendix E: Research dissemination 
The research presented in this thesis has been published in various journals and presented at 

conferences and workshops. 

9.5.1 Articles 

First author articles 

Lundholm, A., Corrigan, E., Black, K. and Nieuwenhuis, M. Manuscript submitted for publication in 

2020. Ecosystem services provision from alternatively management approaches to 

Ireland’s western peatland forests under future development scenarios. Irish Forestry. 

Abstract: We modified a forest decision support system to include impacts of climate change, 

dynamic assortment prices and Ecosystem Service (ES) indicators and used it to model 

forest management of a landscape in the western peatlands. Alternative Forest 

Management Models (aFMMs) were developed for unfertilised blanket bog sites. They 

focused on low-stocked lodgepole pine, Sitka spruce and birch mixtures, and bog 

restoration. These aFMMs were implemented in a linear programming-based decision 

support system that already contained current FMMs (cFMMs). ES provision results were 

compared when using only cFMMs to when both cFMMs and aFMMs were used. Using an 

objective to maximise Net Present Value (NPV), the aFMMs were implemented on sites 

with poor to marginal productivity and led to improvements in NPV, biodiversity, water 

quality, landscape aesthetics and reduced windthrow risk, while harvest volume and 

carbon storage decreased. Compared to increased demand for wood, the climate change 

factors had relatively little impact on forest management and most ES provision levels. 

This was partly because the impact on species productivity was low, but also due to the 

very limited opportunity to diversify the forest landscape by planting different species, 

causing lodgepole pine to become dominant in all scenarios and resulting in similar ES 

provision trends. However, increased biomass demand and policies to mitigate climate 

change resulted in intensified management, lower uptake of aFMMs, and, generally, lower 

ES provisions. 

 

Lundholm, A., Black, K., Corrigan, E. and Nieuwenhuis, M. 2020. Evaluating the impact of future 

global climate change and bioeconomy scenarios on ecosystem services using a strategic 

forest management decision support system. Frontiers in Ecology and Evolution. 8:200. 

doi: 10.3389/fevo.2020.00200 

Abstract: Sustainable Forest Management (SFM) has become an important pillar of modern forest 

management, and one way to evaluate the sustainability of forestry is to assess long-term 

supply of ecosystem services (ESs) indicators. The concept of sustainability also has come 

to include adapting to climate change and the associated dynamic timber markets. This 

study aims to: 1) incorporate several ESs indicators in a Forest Management Decision 

Support System (FMDSS) that can deal with climate change and dynamic timber markets; 

and 2) analyse the impact that intensified forest management, resulting from global 

change scenarios that represent different levels of climate change mitigation efforts, will 

have on forest ES indicators in the west of Ireland. A linear programming model that 

optimized Net Present Value (NPV) from mill-gate sales was previously developed in 
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Remsoft Woodstock, a DSS framework used for strategic forest planning around the world. 

This Woodstock model was modified to include the effects of global scenarios that include 

climate change and dynamic timber prices. This model was further developed to include 

indicators for five ESs (carbon storage in the forest as well as in harvested wood products 

and carbon substitution, windthrow risk, biodiversity, water quality, and cultural values), 

to assess the impacts of these global scenarios on the forest landscape and the 

sustainability of forest management. The ES indicator values were mainly linked to forest 

age, forest type, and yield tables, and their inclusion in the FMDSS had almost no impact 

on total model run times. Intensified forest clearfelling, as a result of increasing timber 

prices associated with most global scenarios, led to increased phosphor emissions to 

waterbodies, and reductions in windthrow risk and carbon storage. The global scenarios 

only resulted in minor differences in the indicator values for biodiversity and cultural 

values. Besides the global scenarios, recent forest policy development and the poor soil 

conditions in the study area impacted on the results. The developed system, with its 

innovative method to incorporate climate change and associated market dynamics, could 

be applied to other forest landscapes in Ireland and Europe, or indeed by any forest 

company or organisation that uses Remsoft Woodstock. 

 

Lundholm, A., Corrigan, E. and Nieuwenhuis, M. 2019. Implementing Climate Change and 

Associated Future Timber Price Trends in a Decision Support System Designed for Irish 

Forest Management and Applied to Ireland’s Western Peatland Forests. Forests, 10 (3), 

270-295. Available https://doi.org/10.3390/f10030270 [Accessed 03-07-2020] 

 

Abstract: Research Highlights: Predicting impacts on forest management of Climate Change (CC) 

and dynamic timber prices by incorporating these external factors in a Forest 

Management Decision Support System (FMDSS). Background and Objectives: Forest 

managers must comply with Sustainable Forest Management (SFM) practices, including 

considering the long-term impacts that CC and the bioeconomy may have on their forests 

and their management. The aims of this study are: (1) incorporate the effects of CC and 

Dynamic Prices (DP) in a FMDSS that was developed for Ireland’s peatland forests, (2) 

analyse the impact of global climate and market scenarios on forest management and 

forest composition at the landscape level. Materials and Methods: Remsoft Woodstock is 

a strategic planning decision support system that is widely used for forest management 

around the world. A linear programming model was developed for Ireland’s Western 

Peatland forests while using Woodstock. Data from Climadapt, which is an expert-based 

decision support system that was developed in Ireland, were used to include CC effects on 

forest productivity and species suitability. Dynamic market prices were also included to 

reflect the changing demands for wood fibre as part of the European Union (EU) and 

global effort to mitigate CC. Results: DP will likely have more impact on harvest patterns, 

volumes, and net present value than CC. Higher assortment prices, especially for 

pulpwood, stimulate the harvesting of forests on marginal sites and off-set some of the 

negative CC growth impacts on forest profitability. Conclusions: Incorporating CC and 

https://doi.org/10.3390/f10030270
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bioeconomy prices in a forest decision support system is feasible and recommendable. 

Foresters should incorporate the expected global changes in their long-term management 

planning to mitigate the negative effects that un-informed management decisions can 

have on the sustainability of their forests. 

 

Co-authored articles 

Black, K., Lundholm, A. and Nieuwenhuis, M. Manuscript submitted for publication in 2020. 

Description of a modified Kronoberg silvicultural management system for mixed spruce 

and birch stands. Irish Forestry. 

Biber, P., Felton, A., Nieuwenhis, M., Lindbladh, M., Black, K., Bahýľ, J., Bingöl, Ö. et al. In 

press 2020. Forest Biodiversity, Carbon Sequestration, and Wood Production: Modelling 

Synergies and Trade-Offs for Ten Forest Landscapes across Europe. Frontiers in Ecology 

and Evolution. doi: 10.3389/fevo.2020.547696 

Abstract: Europe’s forests provide vital habitat for biodiversity and essential ecosystem 

services whose provision must be sustained or enhanced over the coming century. 

However, the potential to secure or increase forest ecosystem services, while securing the 

habitat requirements of taxa remains unclear, especially within the context of uncertain 

climate and socio-economic developments. To tease out the associated trade-offs and 

synergies, we used ten case study landscapes located within nine countries throughout 

Europe. Starting with the current status of the forests in the case study landscapes, we 

simulated forest development one hundred years into the future. Simulations were 

embedded in three combined climate and socio-economic frame scenarios based on 

global and European policies which varied in their efficiency at mitigating climate change. 

Scenarios were translated into country specific projections of climate variables, and 

resultant demands for wood products. Forest management regimes were then projected 

to vary in response to these scenarios at local scales. The specific combinations of 

alternative forest management practices were based on parallel research and input from 

local forest stakeholders. For each case study, a specific forest growth simulator was used. 

In general, the climate scenarios applied did not cause fundamentally different ecosystem 

service outputs at the case study level. Our results revealed almost no reduction in 

outcomes for biodiversity indicators with an increase in wood production, and in some 

cases synergistic results occurred when diversity was actively promoted as part of the 

management concept. The net carbon uptake was not strongly correlated with 

biodiversity, indicating, that biodiversity-friendly forest management does not need to 

curtail carbon sequestration. Notably, we obtained heterogeneous results for the relation 

between sustainable wood production and the net carbon uptake. Almost all scenarios 

resulted in a more or less reduced net carbon uptake over the long term. Levels of 

sustainable wood production varied widely during the simulation period, from significant 

increases (Sweden, Lithuania) to minor changes (Slovakia, Turkey) and slight decreases 

(Ireland, Netherlands). We place our results within the larger context of European forest 
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policy and the challenges of simulating and contrasting forest biodiversity and the 

ecosystem services that societies depend on. 

Juerges, N., Krott, M, Arts, B., Masiero, M., Başkent, E., Borges, J., Brodrechtova, Y. et al. 

Manuscript submitted for publication in 2020. Linking the ecosystem service concept with 

conflict analysis in forest magement: A case study from nine countrier. Ecosystem Services. 

Abstract: The provision of ecosystem services (ESs) is constrained by forest production and 

conservation functions and the corresponding trade-offs between ESs. Increasing the level 

of supply of an ES will impact the provision of other ESs. It may thus lead to conflicts 

between actors interested in prioritizing different ESs. Forest management practices and 

trade-offs between ESs differ widely across countries. We focused on nine countries 

(Germany, Ireland, Italy, Lithuania, Portugal, Slovakia, Sweden, the Netherlands, Turkey) 

and triangulated 215 qualitative interviews, document analysis, and participatory 

observations to map the interests of actors in ESs, identify conflicts between interests, 

identity the power relations of actors with different interests in ES provision, and compare 

the ES conflict landscapes in the nine countries. Applying the ES concept in forest conflict 

analysis allows a deeper understanding of conflict landscapes about forest management in 

Europe. 

Juerges, N., Arts, B., Masiero, M., Başkent, E., Borges, J., Brodrechtova, Y., Brukas, V. et al. 

In press 2020. Linking the ecosystem service concept with power analysis in governance: A 

comparison across nine countries. Forest Policy and Economics. 

Abstract: Within forest governance research, the transfer of power from governmental 

actors to civil society and market actors has been subject to intense scientific debate. We 

move forward on this debate by analyzing how ongoing transformations and power shifts 

in forest governance affect the power relations of actors with interest in various ESs in 

nine countries (Germany, Ireland, Italy, Lithuania, Portugal, Slovakia, Sweden, the 

Netherlands, Turkey). In order to examine power resources of actors, we triangulated 220 

qualitative interviews, document analysis, and participatory observations. Governmental 

actors (with various interests in ESs) are most powerful in most countries and thus drive 

forest management. Our analysis shows that the power relations of actors with interest in 

different forest ESs have variation within our nine case study countries, though many 

similarities exist. Governmental, market, and civil society actors differ in their capacity to 

apply different power strategies to realize their interests in ESs. Ongoing forest 

governance transformations have limited effect on power relations among actors with 

interest in ESs. We contend that forest governance research needs to take the different 

strategies of exercising power in forest management more into account. 

Nordström, E.-M., Nieuwenhuis, M., Başkent, E.Z., Biber, P., Black, K., Borges, J.G. et al. 

2019. Forest decision support systems for the analysis of ecosystem services provisioning 

at the landscape scale under global climate and market change scenarios. European 

Journal of Forest Research, 138, 1-21. Available: 

https://link.springer.com/article/10.1007/s10342-019-01189-z [Acessed 03-07-2020] 

https://link.springer.com/article/10.1007/s10342-019-01189-z
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 Abstract: Sustainable forest management is driving the development of forest decision 

support systems (DSSs) to include models and methods concerned with climate change, 

biodiversity and various ecosystem services (ESs). The future development of forest 

landscapes is very much dependent on how forest owners act and what goes on in the 

wider world; thus, models are needed that incorporate these aspects. The objective of this 

study is to assess how nine European state-of-the-art forest DSSs cope with these issues. 

The assessment focuses on the ability of these DSSs to generate landscape-level scenarios 

to explore the output of current and alternative forest management models (FMMs) in 

terms of a range of ESs and the robustness of these FMMs in the face of increased risks 

and uncertainty. Results show that all DSSs assessed in this study can be used to quantify 

the impacts of both stand- and landscape-level FMMs on the provision of a range of ESs 

over a typical planning horizon. DSSs can be used to assess how timber price trends may 

impact that provision over time. The inclusion of forest owner behavior as reflected by the 

adoption of specific FMMs seems to be also in the reach of all DSSs. Nevertheless, some 

DSSs need more data and development of models to estimate the impacts of climate 

change on biomass production and other ESs. Spatial analysis functionality needs to be 

further developed for a more accurate assessment of the landscape-level output of ESs 

from both current and alternative FMMs. 

9.5.2 Conferences 

Conference: EURO 2019, 30th European conference on operational research, 23rd-26th June 2019, 

UCD, Dublin, Ireland. 

Title: Impacts on Irish forestry from climate change and an expanding bioeconomy - using linear 

programming to solve complex forest management problems. 

Abstract: Forest managers must comply with sustainable forest management practices, including 

planning for long-term impacts of global change. Remsoft Woodstock was used to build a decision 

support system (DSS) for Ireland’s Western Peatland forests. The DSS was built to analyse 

potential impacts on forest management from three global scenarios with various degrees of 

climate change (CC) and increasing timber prices from an expanding bioeconomy. Linear 

programming (LP) was used to maximise net present value (NPV) over a 100-year planning 

horizon, using a 5% discount rate. Three constraint sets were included: to avoid over-harvesting, 

to ensure replanting after clearfelling, and to establish buffer zones. The study area contained 

9,899 ha of forest in 2,777 polygons. The generated LP matrix model contained around 2,340,000 

columns, 673,000 rows, and took around 5 hours to solve using 32 GB RAM and a 3.20GHz 

processor with 6 dual-thread cores. The results showed an NPV increase of 26 to 58% in the 

scenarios with global change, compared to no changes. The model was also run with CC but 

without dynamic prices, and vice versa. These runs showed that CC had a negative impact on NPV 

(decreasing NPV by 7% in one scenario), while the dynamic timber prices resulted in an increase in 

NPV. This study demonstrated that implementation of CC and dynamic timber pricing in a forest 

management DSS is feasible and straight-forward, but that reliable data on future conditions are 

essential. 
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Conference: Landscape management From data to Decision, 17th-19th September, 2018, 

International IUFRO Conference, KCC, Prague, Czech Republic. 

Title: Implementing climate change and future timber prices in a Forest Management Decision 

Support System designed for management of Irelands Western Peatland forests. 

Abstract: Forest managers must comply with Sustainable Forest Management (SFM) practices, as 

focus has shifted from managing forests for timber to providing a balance of the three pillars of 

SFM: economic, biodiversity, and social values. Forest managers must also consider the long-term 

impacts that climate change may have on a forests’ Ecosystem Services (ESs). Remsoft Spatial 

Planning System (RSPS) is a Decision Support System (DSS) that is widely used for forest 

management around the world. A linear programming model was developed for Irelands’ Western 

Peatland forests using Woodstock, a strategic planning component of RSPS. It includes the climate 

change effects on forest productivity and changing market prices reflecting changing demands for 

wood fibre as part of the EU and global effort to prevent climate change. This model was used to 

analyse the impact of these dynamic conditions on forest management types and forest ES 

provision. Climate change effects were determined using the Irish software Climadapt. Climadapt 

predicts a species-specific future yield class (YC) for 2080, using ecological site classifications and 

IPCC climate change predictions. The climate change and dynamic price information for three 

scenarios, representing different levels of climate change and mitigation efforts, was provided by 

the International Institute for Applied System Analysis, using the Global Biosphere Management 

Model. Climate change impacted on early harvest intensity in Sitka spruce stands, but the dynamic 

prices had a more pronounced long-term effect on harvest patterns and harvest volumes. Other 

ESs were mainly impacted by the implementation of current policies, rather than the global 

scenarios. The WSPS model predicted differences in ES provision between the climate change 

scenarios. Further investigation is necessary to find sustainable alternatives for the future 

management of Ireland’s Western Peatland forests.    

9.5.3 Industry articles, workshops, and project meetings 

Industry article 

Lundholm, A., Corrigan, E., Harper, C. and Nieuwenhuis, M. 2018. Ireland’s western peatland 

forests in a changing world. In Forestry & Energy Review, vol. 8, issue 2, 2018. Available: 

http://www.selectmedialtd.com/Resources/Forestry%20%26%20Energy%20Review%20Autumn.p

df [Accessed 03-07-2020] 

Workshops 

ALTERFOR Ireland Workshop – Biodiversity, 24th September 2018, Althone, County Westmeath, 

Ireland. 

ALTERFOR Ireland Workshop – Forest management, 25th September 2018, Althone, County 

Westmeath, Ireland. 

Project meetings 

ALTERFOR Travellab preparatory session, 17th October, 2017, Galway, County Galway, Ireland. 

 

Multiple project reports and presentations pertaining to modelling results and stakeholders’ 

involvement.  

http://www.selectmedialtd.com/Resources/Forestry%20%26%20Energy%20Review%20Autumn.pdf
http://www.selectmedialtd.com/Resources/Forestry%20%26%20Energy%20Review%20Autumn.pdf
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9.6 Appendix F: Implementing Climate Change and Associated Future Timber 
Price Trends in a Decision Support System Designed for Irish Forest 
Management and Applied to Ireland’s Western Peatland Forests. 

This is the first published scientific article based on the research presented in this thesis and 

published at the time of the thesis submission. The article describes the model building in Chapter 

2 and the results from Chapter 4, except for the method and results dealing with ecosystem 

services carbon, regulatory services, biodiversity, water quality, and cultural services. Including 

these ecosystem services would make the article excessively lengthy, so the decision was made to 

focus on the impacts that the global scenarios would have on the forestry aspects timber 

assortments, net present value and forest management. 
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Abstract: Research Highlights: Predicting impacts on forest management of Climate Change (CC) and 

dynamic timber prices by incorporating these external factors in a Forest Management Decision 

Support System (FMDSS). Background and Objectives: Forest managers must comply with Sustainable 

Forest Management (SFM) practices, including considering the long-term impacts that CC and the 

bioeconomy may have on their forests and their management. The aims of this study are: (1) 

incorporate the effects of CC and Dynamic Prices (DP) in a FMDSS that was developed for Ireland’s 

peatland forests, (2) analyse the impact of global climate and market scenarios on forest 

management and forest composition at the landscape level. Materials and Methods: Remsoft 

Woodstock is a strategic planning decision support system that is widely used for forest 

management around the world. A linear programming model was developed for Ireland’s Western 

Peatland forests while using Woodstock. Data from Climadapt, which is an expert-based decision 

support system that was developed in Ireland, were used to include CC effects on forest 

productivity and species suitability. Dynamic market prices were also included to reflect the 

changing demands for wood fibre as part of the European Union (EU) and global effort to mitigate 

CC. Results: DP will likely have more impact on harvest patterns, volumes, and net present value 

than CC. Higher assortment prices, especially for pulpwood, stimulate the harvesting of forests on 

marginal sites and off-set some of the negative CC growth impacts on forest profitability. 

Conclusions: Incorporating CC and bioeconomy prices in a forest decision support system is feasible 

and recommendable. Foresters should incorporate the expected global changes in their long-term 

management planning to mitigate the negative effects that un-informed management decisions can 

have on the sustainability of their forests. 

Keywords: linear programming; optimization; bioeconomy; Woodstock; Remsoft spatial planning 

software 

 

1. Introduction 

Industrialism and a growing agrarian population had reduced Ireland’s forest cover to 1.5% in 

1908 [1]. The necessity of a domestic timber supply caused the Irish state to initiate an afforestation 

programme, which largely focused on purchasing agriculturally marginal land for public afforesting 

[2–4]. Since the late 1990s, afforestation has been primarily on private land and the forest cover in 

2017 reached 11%, or 770,020 ha [5]. Inexpensive and agriculturally marginal land often meant 

mountainous blanket peat. Ploughing for draining and the application of phosphatic rock fertiliser 

for mineral nutrients enabled the establishment of hardy, fast-growing conifers from Western North 

America on the wet and nutrient poor blanket peat [6]. In 2012, 35.6% of the public forest and 30.2% 



Forests 2019, 10, 270; doi:10.3390/f10030270  2 of 25 

 
 

of the private grant-aided forest was situated on blanket peat [7]. Sitka spruce (Picea Sitchensis (Bong.) 

Carr.) has a high Yield Class (YC is the maximum mean annual increment of cumulative timber 

volume production for a species on a site, as given in m3 ha−1 yr−1. Mean annual increment starts at 

zero and it increases as the forest stand grows older; after it reaches maximum mean annual 

increment, i.e., the YC, mean annual increment declines. Irish plantation conifers reach the maximum 

mean annual increment between 50 and 60 years of age, depending on the species and site conditions) 

on a wide range of site types [8], and it is still favoured for this reason in Irish forestry, covering 51.1% 

of the Irish forest estate [5]. Lodgepole pine (Pinus contorta Douglas) was chosen for the least 

productive sites and it occupies 9.6% of the Irish forest estate [5]. 

Forests are susceptible to climate change (CC); due to the long lifespans of trees they must be 

able to live and grow in both the current and future climates [9]. The influence of CC on Ireland, 

under a high emission scenario (3.7 °C average global temperature increase by 2100 compared to pre-

industrial levels) will likely result in a warming of the weather, increasing both the summer and 

winter average temperature by 2 and 2–3 °C, respectively [10]. The precipitation patterns are likely 

to change, with up to 20% reduction in summer precipitation and 14% increase in winter 

precipitation. Heavy rain events are expected to increase by 20% and storms and floods will be more 

common. Increased CO2 levels and temperatures would generally be expected to result in higher 

biomass productivity, and thus forest growth, for most of the country [9,11]. However, when 

considering future precipitation patterns, soil types, and species response, it is unlikely that all of the 

species in Ireland will experience increased growth rates in the future. Forests in eastern Ireland will 

likely suffer more droughts, as the area is expected to experience the highest temperature increase 

and largest reduction in precipitation [11]. The Irish growing season extends well into the winter 

months, averaging 250–300 days over the island [12], and most of the forests are located on wet soils 

[5]. Sitka spruce develops shallow root plates when growing on wet soils, which causes decreased 

wind stability and limits the depth at which roots can uptake nutrients [13]. The Irish software 

Climadapt [14] was developed to predict the future species suitability and YC under different CC 

scenarios. The predictions are based on Ecological Site Classifications (ESCs) [15] and the 

International Panel for Climate Change (IPCC) climate change predictions. The ESCs are based on 

the edaphic condition of soil nutrient regime and soil moisture regime, and the climatic factors of 

accumulated temperature, moisture deficit, a detailed aspect method of scoring (for wind and 

exposure), and continentality. The main ESCs that will change and impact Irish forestry—according 

to Climadapt—are accumulated temperature and soil moisture regime (summer and winter) [14].  

Sustainable forestry was developed in response to local deforestation resulting from the mining 

industry in the early 18th-century, which caused concerns regarding charcoal supply [16]. The 

sustainability concept has been expanded to include economic, ecological, and social values in 

Sustainable Forest Management (SFM), as defined by the United Nations Conference on Environment 

and Development in Rio de Janeiro in 1992 [17,18]. Modern forest managers in Ireland must comply 

with SFM practices, and in doing so need to consider the long-term impacts that climate change might 

have on forests, regarding productivity, species suitability, and forest resilience to extreme weather, 

pests, and diseases. Simulation and optimization algorithms were first used in forest management in 

the 1960s [19], and Forest Management Decision Support Systems (FMDSSs) became popular for 

transferring scientific knowledge to practical forest management in the 1980s [20,21]. The FMDSSs 

were initially developed to deal with sustainable timber yield and optimal harvest scheduling [19, 

22]. Timber production or Net Present Value (NPV) often remain the main focus of these systems 

[21,23]. However, forest companies must adhere to the SFM concept, environmental regulations, and 

forest certification. Thus, FMDSSs have been developed to analyse the long-term CC effects on 

forests, including the impacts of disease, pest and windthrow damage, as well as impacts on 

biodiversity, carbon sequestration, water quality, and the long-term changes in forest structure 

[19,22,24,25].  

There are multiple ways in which forest planning and FMDSSs can be categorized. The length 

of the planning period, the detail of the plan, and the focus of the plan are often divided into three 

hierarchical levels; strategic (40–100 years), tactical (3–10 years), and operational (weekly—A year) 
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[23]. Strategic planning, as utilised in this study, often focuses on the sustainable long-term 

production of timber, given the bio-physical and policy constraints. The spatial location and grouping 

of potential harvestable areas from where to source wood is part of tactical planning; what weeks 

stands should be harvested and which machines to use is addressed at the operational planning level. 

FMDSSs primarily operate based on either simulation or optimization. The simulation uses a pre-

defined sequence of actions to manage forest stands and reports the outcome over the planning 

period. Optimization can evaluate the outcome from several available actions, and given an objective 

and constraints, reports the optimal sequence of actions to implement [26]. While, with simulation, 

you decide which management prescription to implement, and the FMDSS report on their long-term 

results; in optimization, you decide the desired long-term results, and the FMDSS reports which 

management prescriptions should be implemented to achieve those results. Remsoft spatial planning 

software (Remsoft, Fredericton, Canada) is a suite of DSSs that are globally used to manage over 202 

million ha of forests in 15 countries, mainly in the Americas, but also in Ireland. Woodstock [27] is 

the strategic planner and flagship of Remsoft spatial planning software. Woodstock can utilise both 

simulation and optimization, and it only provides the user with a modelling structure. Growth and 

yield tables, price lists, forest management actions, desired forest outputs, and management 

objectives are user defined, allowing for much customizability in what the developed FMDSS 

contains and how it operates. 

Tree growth and yield models have been developed in Eastern Canada that can project tree 

growth under both current and future climates, i.e., dynamic growing conditions [28]. This was 

achieved by combining empiric growth data and growth projections from an ecological process-

based model that uses a range of CC scenarios. These models reduce the uncertainty in future 

management decisions regarding when and where to harvest. Another Canadian study found that 

long-term changes in forest growth, which are due to CC, have more of a significant impact on future 

boreal forest structure than both harvesting and natural disturbances [29]. The growth effects were 

mainly due to the climate becoming too warm for the cold-adapted boreal tree species. These 

expected changes in growth differ from the Irish estimations. However, it indicated that forecasting 

forest growth under changing climate is possible and that the use of regionally specific CC data is 

critical when forecasting the future forest conditions. A study utilised Climadapt to evaluate the 

growth potential of Sitka spruce under high emission CC scenarios in Ireland and found that a growth 

reduction of about 25% can be expected nationally by 2080 [30]. The reductions were mainly water 

related, with the southern areas suffering up to 37% growth reduction due to moisture deficits, and 

western areas only suffering a 14% growth reduction due to prolonged waterlogging in the autumn 

and winter. Another Irish study implemented Climadapt’s A2 CC scenario future YC predictions in 

Woodstock to evaluate long-term CC impacts on forestry in western Ireland [31]. Their model was 

run three times: without YC change, YC changed in year 2050 (future climate based on the period 

2020–2050), and YC changed in year 2080 (future climate based on the period 2050–2080). The NPV 

of forestry was reduced when changing the YC, but the NPV was reduced more in the 2050 YC 

prediction than in the 2080 YC prediction. The 2080 YC change had more of a negative effect on the 

productivity, but the earlier implementation of CC’s negative impact on the growth of commercially 

valuable species had a stronger negative impact on the NPV. 

Climate change, population development, economic growth, and policy are interlinked factors 

that determine the future for this study. Adverse changes in climate could have a devastating 

economic impact to natural resource production systems and population development [32]. 

However, economic growth in renewable energy sectors and higher utilisation of renewable 

resources, rather than fossil fuel-based, could mitigate CC [33]. Properly formulated policy (at the 

national, European Union (EU), and global level) could play an important role in reducing emissions, 

and thus mitigating CC. The forestry sector could have an important role in CC mitigation and the 

bio-economy by supplying biomass for energy, fuel, packaging and construction [34]. The behaviour 

of forest owners to intensify wood extraction will largely depend on changing timber prices and 

policy [35]. 
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The aim of this study was to: (1) incorporate, on an annual basis, climate change and dynamic 

timber prices in a FMDSS that was developed for Ireland; and, (2) analyse the impact that global 

change scenarios (representing different levels of CC and mitigation efforts) will have on forest 

management approaches and forest landscape composition. 

2. Materials and Methods  

2.1. Case Study Area Description—Barony of Moycullen 

The Barony of Moycullen in County Galway, Ireland, was chosen as the Case Study Area (CSA) 

(Figure 1). The CSA contains the Cloosh Valley forest and Derrada forest, with parts of Cloosh and 

parts of Derrada forming the largest continuous forest area in Ireland, at almost 4600 ha. Sitka spruce 

and lodgepole pine in the CSA were mainly planted in the 1970s and 1980s. The area has high 

recreational pressure, both from tourists and the residents of Galway city, and it contains one of 

Ireland’s priority eight Freshwater Pearl Mussel (Margaritifera margaritifera L.) catchments [36]. These 

priority catchments hold 80% of Ireland’s freshwater pearl mussel numbers and they are important 

for the long-term survival of the species. The Cloosh and Derrada forests are surrounded by 

Natura2000 designated areas to protect bog habitat and the freshwater pearl mussel catchment. These 

multiple-uses and their interactions make the forested landscape an interesting testing ground for 

the analysis of the long-term sustainability impacts resulting from CC and the associated changes in 

timber prices. The CSA is representative for forestry in western Ireland and the nation’s peatland 

forests. The CSA was chosen as a research project that investigates new forest management methods 

that could provide a wider range of ecosystem services under different future scenarios. Blanket peat 

soil is extremely poor in mineral nutrients and this, coupled with the CSA’s proximity to the Atlantic 

Ocean, causes windthrow to be a serious problem in forest management. Table 1 provides the 

descriptive CSA statistics. 

 

Figure 1. The Barony of Moycullen Case Study Area (CSA) in County Galway, Ireland, delineated by 

its land-uses. Pasture Bog Habitat is bog utilised for commonage pastures. Margaritifera areas refer 

to catchments with freshwater pearl mussels. The Cloosh Forest is the forest area at the centre of the 

CSA, Derrada is located north of Cloosh. The Owenriff catchment contains much of the Derrada forest 

and it is located just north of Cloosh. 
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Table 1. Descriptive statistics for the case study area relating to climate (1981–2010), land-use, and forest 

data. Climate data from [37], land-use, forest, and soil data from the GIS sources listed in Table 2. 

 Barony of Moycullen 

Temperature July mean range (°C) 12–19 

Temperature January mean range (°C) 3–8 

Annual rainfall range (mm) 1600–2000 
 ha % 

Forest area  10,230.0 13.2 

Enclosed pasture  4882.5 6.3 

Blanket bog  8447.5 10.9 

Bog land/commonage pasture  45,260.0 58.4 

Scrub  465.0 0.6 

Other and urban  8215.0 10.6 

Total area 77,500.0 100 

Ownership of Forest (%) 

Public (Coillte) 81.1 

Private 18.9 

Species Cover by Area (%) 

Sitka spruce 41.0 

Lodgepole pine 29.4 

Other conifers 4.1 

Broadleaves 6.0 

Open area in forest stands 19.5 

Average Standing Volume (m3 ha−1) 

Forest 165 

Productivity (YC) by Stocked Forest Area (%) 

≤10 33.6 

12–14 44.0 

16–18 20.0 

≥20 2.4 

Age Class Distribution by Forest Area (%) 

≤10 8.8 

11–20 15.5 

21–30 29.4 

31–40 35.1 

41–50 6.8 

≥51 4.4 

Soils Forest Area (%) CSA (%) 

Lithosols/Peaty podzols 15.3 18.7 

Blanket peats 82.0 71.7 

Gleys 0.2 1.3 

Brown earths/podzolics 1.7 4.2 

Cutaway peat 0.8 4.1 

Elevation Area (%) CSA (%) 

0–100 50.4 75.9 

101–200 40.7 20.1 

≥201 8.9 3.9 
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Table 2. GIS data sources used to create the land-use layer that was imported into Woodstock. 

GIS Data Source 

Coillte forest inventory—updated May 2016 Coillte 

County council roads Coillte 

Wind zones Coillte 

Private forest—Forests2015—updated December 2016 Forest Service 

Single farm payments Department of Agriculture, Food and the Marine 

Corine land classification Environmental Protection Agency (EPA) 

Teagasc soil survey—Irish forest soils EPA 

River, waterbodies and catchments EPA 

Native woodland sites National Parks and Wildlife Services (NPWS) 

Ancient and long-established woodland NPWS 

Natura 2000 sites NPWS 

Margaritifera sensitive areas NPWS (special request) 

Digital elevation model UCD Urban Institute 

2.2. Decision Support System and Model Setup 

The forecasting model was built in Woodstock (64-bit), version 2017.11.0 of the Remsoft Spatial 

Planning System. The FMDSS was run in a Windows 10 Professional 64-bit operating system with an 

Intel® Core™ i7-3930K CPU @ 3.20 GHz (six cores with two threads per core) PC with 32 GB of RAM.  

Woodstock can utilise linear-programming, is suitable for strategic forest planning, and has 

broad user customizability. Strategic planning in Woodstock allows for the user to determine the 

spatial constraints before the optimization, e.g., harvest scheduling is not restricted by the spatial 

adjacency of stands, but areas that are not eligible for harvesting can be selected beforehand. 

Woodstock was setup to use an ESRI (Environmental Systems Research Institute, Redlands, 

California, United States) shapefile for forest inventory information. The user sets up themes, which 

describe forest stand characteristics and they are crucial for Woodstock to link stands to yield tables 

and determine forest management prescription eligibility (Figure 2). Once the model is complete, 

Woodstock is used to generate a linear programming matrix, in mathematical programming system 

format, with all possible forest management actions. The matrix, including the objective function, 

forms the basis of the linear programming model that is solved while using mathematical 

programming solver software (in this study, MOSEK (Copenhagen, Denmark)). The basic Woodstock 

model that was built for forestry requires a forest inventory, forest management prescriptions, yield 

tables, and an objective function to build a matrix and generate outputs of the future forest landscape 

condition. The remainder of this Material and Methods section focuses on combining the GIS data to 

build a forest inventory shapefile that is appropriate for integrating into Woodstock for strategic level 

planning, the growth and yield tables that were used, the eligibility for forest management 

prescriptions, including prescription costs and timber prices, and the implementation of the global 

scenarios. 
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Figure 2. Components required to build a Woodstock forest management decision support system 

model and generate and solve the matrix to generate outputs for reporting. 

2.3. Coillte Collaboration and UCD Woodstock Model 

Coillte (the Irish state forestry board, who manage Ireland’s publicly-owned forests) provided 

their Woodstock model to University College Dublin in February 2012 that was to be used in a 

research project [24]. Since May 2016, this Woodstock model [38] has undergone a material 

development phase for use in this study. The changes to the model include updated costs, revenues, 

growth and yield tables, policy rules, and the implementation of global climate and price change 

scenarios.  

2.4. GIS Setup 

ArcGIS 10.4 was used to produce the ESRI shapefile containing spatial location of forest stands 

and the linked database with site information and forest inventory data. Merging vector layers from 

multiple sources created a shapefile with information on land-uses, i.e., Coillte forests, private forests, 

agricultural, scrub, and peatland created the imported shapefile (Table 2). Attributes necessary for 

the running of the Woodstock model were assigned to polygons using ArcGIS 10.4, these were: 

species, site productivity, species percentage of stand, soil type, elevation, policy, environmental and 

native woodland designations, eligibility for site preparation, thinning status, polygon status, 

hydrological catchment, and stand age. Data modification was also done in Woodstock, e.g., 

aggregating elevation above sea level to silviculturally relevant ranges and the grouping and 

classification of species for which no yield tables were available as an alternative species (see Table 

3). 
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2.5. Growth and Yield Tables 

The Woodstock model accommodates up to three species per stand; the percentage and YC of 

each species are represented as themes in the model. Additionally, the model assumes 15% open 

space in each stand, which represents unproductive area; this is an industry standard metric. 

GROWFOR was used to create the growth and yield tables for most conifer species [39], where data 

were available. Larches and broadleaf species utilised British Forestry Commission tables [40], since 

insufficient Irish forest data were available to produce GROWFOR yield tables for these species. Table 

3 presents a full list of tree species used in the model and their YC ranges. Sitka spruce YC is used in 

Irish forestry to compare the growth potential of Sitka spruce to that of other species on the same site. 

The corresponding YC for other species, which is based on the Sitka spruce YC, used in the model 

can be found in Table 4. Sitka spruce YC were used in the Woodstock model to maintain the sites’ 

field estimated productivity when changing species during reforestation, rather than estimating the 

YC using a generic equation.  

Table 3. Tree species used in the model, the origin of their growth and yield tables, and the minimum 

and maximum yield class (m3 ha−1 yr−1) for each species based on available growth and yield tables. 

Species (Groups) Latin Name Growth Table  
Min 

YC 

Max 

YC 

Douglas fir 
Pseudotsuga menziiesi ((Mirb.) 

Franco) 
GROWFOR 4 24 

Norway spruce Picea abies ((L.) H. Karst.) GROWFOR 4 22 

Scots pine Pinus sylvestris (L.)  GROWFOR 4 14 

Sitka spruce Picea Sitchensis ((Bong.) Carr) GROWFOR 4 24 

Noble fir/Other conifers Abies nobilis (Rehder) GROWFOR 4 22 

Lodgepole pine Pinus contorta (Douglas) GROWFOR 4 16 

Larch Larix 
British Forestry 

Commission 
4 14 

Beech Fagus sylvatica (L.) 
British Forestry 

Commission 
4 10 

Oak Quercus  
British Forestry 

Commission 
4 8 

Downy Birch/Other 

broadleaves 
Betula pubescens (Ehrh.)  

British Forestry 

Commission 
4 14 

Table 4. Lookup table to determine the Yield Class (YC) (m3 ha−1 yr−1) of species based on the Sitka 

spruce YC [41]. 

 Sitka Spruce YC 

Corresponding species YC 6 8 10 12 14 16 18 20 22 24 26 28 30 

Douglas fir 6 8 10 10 12 14 16 16 18 18 20 22 24 

Japanese larch 4 6 6 8 8 10 10 10 12 12 14 14 14 

Lodgepole pine 6 8 8 10 10 12 12 12 12 12 12 14 14 

Noble fir 6 8 10 12 12 14 16 16 18 20 20 22 22 

Norway spruce 6 8 10 10 12 14 16 18 20 20 22 22 22 

Scots pine 4 6 8 8 10 10 12 12 12 14 14 14 14 

Alder (Alnus glutinosa (L.) Gaertn.) 4 4 4 6 6 6 8 8 8 10 10 12 12 

Ash (Fraxinus excelsior L.) 4 4 4 6 6 8 8 8 10 10 12 12 12 

Beech 4 4 4 4 4 6 6 6 8 8 10 10 10 

Birch 4 4 4 4 6 6 6 8 8 8 10 10 12 

Oak 4 4 4 4 4 6 6 6 8 8 8 8 8 

Sycamore (Acer pseudoplatanus L.) 4 4 4 6 6 8 8 8 10 10 12 12 12 
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2.6. Forest Management Prescriptions 

Woodstock evaluates the outcome of executing every possible management prescription in all 

eligible years, i.e., the matrix build. Subsequently, it chooses the prescription schedule that fulfils the 

objective, i.e., the solve. Management prescriptions are defined based on eligibility, which is based 

on polygon attributes. The model includes site preparation, reforestation (including buffer 

establishment), thinning, clearfelling, and retention, and all are defined in Table 5. The reforestation 

costs were set to €2589 ha−1 for conifers and €3281 ha−1 for broadleaves. Table A1 presents the cost 

associated with each reforestation activity. The revenue from the harvested trees was calculated using 

the millgate price: standing wood value minus costs for felling and extraction, road maintenance and 

haulage. The standing wood prices were based on a fixed pulpwood price for lodgepole pine 

(lodgepole pine is only utilised for pulpwood assortment in Ireland [4]), a fixed firewood price for 

broadleaf volume, and average tree size for all conifers, excluding lodgepole pine (Table A2). The 

felling and extraction costs were based on the average tree size and they varied between species and 

harvest operation (clearfelling or thinning) (Table A3). Road maintenance cost was fixed at €1.50 per 

extracted m3. The haulage costs were based on a Coillte equation that uses transportation distance 

from the CSA centroid to the respective processing plants to calculate haulage cost per tonne wood. 

This was converted to haulage cost per m3 using wood density tables [42]. Table A4 presents the 

haulage costs per species used in the model. Additional costs that are associated with administration 

and enhanced environmental considerations during harvesting operations were included in the 

model (Table A5) and they are incurred for: Special Areas of Conservation (EU Habitats directive), 

Special Protection Areas (EU Birds directive), freshwater pearl mussel catchments, national heritage 

areas, proposed national heritage areas, peat soils, and buffer zones. Forests on peat soils become 

unstable after thinning, causing increased windthrow risk, so thinning is not practiced on blanket peat 

sites in the CSA [43]. Due to freshwater pearl mussel populations in surrounding catchments and areas 

that are protected by EU bird and habitat directives, an added level of environmental consideration 

influences forest management in the area. This restricts the aerial fertilisation of forest stands. Manual 

fertilization is still possible, but it is not performed in the CSA, as it requires more labour than is 

available [44]. Sitka spruce can be established on drained and fertilised blanket bog sites [6,45], but 

without fertilization, the species choice on blanket bog is limited to lodgepole pine. Thus, future blanket 

bog forest management in the model was limited to the planting of lodgepole pine and the clearfelling 

of conifer plantations. On mineral soils, broadleaf and conifer establishment was an option.  
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Table 5. Forest management prescriptions included in the model and the stands that are eligible. 

Forest 

Management 

Prescription 

Stand Attributes for Management Prescription Eligibility 

 Site Preparation 

Mounding/trenc

hing, drain 

clearing/digging 

Applied to all stands at reforestation. Mounding or trenching performed on mineral soils, drain clearing/digging on peat sites. 

Fencing Necessary to keep out deer and sheep from plantations.  

Fertilisation 
Although common in Irish forestry, Coillte does not apply fertiliser in the CSA. The sensitivity of Natura2000 designated areas and freshwater pearl mussel catchments 

mean aerial fertiliser application is not permitted, and there is not enough manpower to fertilise manually.  
 Forestation 

Reforestation 

The Grant Premium Categories [46] were included as a basis for eligible reforestation options. Soil and elevation eligibility were based on Horgan et. al. 2003 [47]. All 

broadleaves and conifers are eligible on good to medium mineral soils, Sitka spruce and lodgepole were also eligible on poor mineral soils, and lodgepole pine was eligible 

on peat soils. Broadleaves were eligible up to 120 m elevation (per Coillte recommendation for Western Ireland), all conifers were eligible up to 200 m, Sitka spruce was 

eligible up to 300 m, and only lodgepole pine was eligible above 300 m. Vegetation control and weevil control were assumed to be applied to all plantations, as was 

inspection of plantation to ensure successful establishment. 

Native 

woodland 

establishment 

The 4 native woodland establishment schemes [48] were included, only eligible on better mineral soils up to 200 m elevation (the 120m limit for Western Ireland being 

ignored since the purpose is not a commercial forest). 

Buffer zone 

Buffer zones are established adjacent to roads, freshwater pearl mussel watercourses and watercourses to create an unmanaged area protecting sensitive features. Widths 

vary between 10–25 m, depending on slope, soil type, and protected feature. Buffers are planted with a mix of broadleaves and open space for natural regeneration of 

native trees. Road buffers have 30% birch, 20% alder, 50% open area, freshwater pearl mussel watercourse buffers have 20% birch and 80% open area, watercourse buffers 

have 100% open area. In forest stands established before buffer zones were a requirement, the appropriate buffer zone width from watercourse is split from the original 

forest stand and planted only when a harvest operation is carried out in the main stand. 

 
 Harvesting 

Thinning 

Conifer stands with YC 14 or higher were eligible for thinning. Thinning was applied on a four-year cycle and up to four times, starting at age 19, 22, and 25. Sitka sprue 

had additional thinning start ages at 20 and 23. No conifers on blanket peat soil and no lodgepole pine were eligible for thinning [43,49]. Broadleaf thinning for private 

forests was eligible for up to seven thinnings starting at age 13 on a 10-year interval for Sitka spruce YC 22–30; up to six thinnings starting at age 20 on 15-year interval for 

Sitka spruce YC 16–20; and up to six thinnings starting at age 28 on 20-year interval for Sitka spruce YC 12–14. Indefinite continuous cover forestry thinning on five-year 

interval was eligible for all broadleaf stands, starting age 15. Thinning history was assigned to stands in the GIS setup phase. 

Clearfell 

Clearfelling of a stand was possible when the dominant conifer’s mean height was between 18 and 26 m, private conifer stands had to be at least 21 years old, as this is 

when they stop receiving State premia. Private broadleaf stands had to be ≥60 years to be eligible for clearfelling, Coillte broadleaves are not el igible for clearfelling due to 

company policy. 

Forest retention No prescription is an option to all stands. They mature without intervention.  
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2.7. Global Scenarios 

There were the three global scenarios that were modelled for this study. They include the effect 

of climate change on tree growth and dynamic changes in timber assortment prices, for different 

assumed levels of mitigation efforts. The scenario narratives [50] were provided by the International 

Institute for Applied Systems Analysis (IIASA), while using the Global Biosphere Management 

Model (GLOBIOM) [51]. GLOBIOM computes the market equilibrium for agriculture, forestry, and 

bioenergy, based on land-use competition, population dynamics, global trade, and policies. The 

model includes the accounting of greenhouse gas emissions and can, as an example, be used to 

analyse how global development and policy scenarios will affect greenhouse gas emissions in the 

future. Although GLOBIOM incorporates agricultural adaptation to CC, GLOBIOM did not change 

forest productivity as a result of CC when producing the dynamic timber assortment prices for this 

assessment. GLOBIOM provided data on average global temperature increases for each scenario, 

which was used to find a corresponding CC scenario in Climadapt for changing forest productivity. 

The global scenarios were based on analyses that combined the European Union policy scenarios [52] 

and the framework for Representative Concentration Pathways - Shared Socio-economic Pathways 

(RCP) developed for the International Panel for Climate Change (IPCC) [53]. The climate model that 

was used was HadGEM2-ES [54,55]. The global scenarios used in this study, including their 

GLOBIOM climate scenario and descriptions, were: 

• BAU—Business As Usual. No CC or dynamic prices (DP) implemented; 

• S1—Reference: Temperature increase of 3.7 °C by 2100, compared to pre-industrial values. 

Climate scenario: RCP8.5. No effort to mitigate CC; 

• S2—EU Bioenergy: Temperature increase of 2.5 °C by 2100, compared to pre-industrial values. 

Climate scenario: RCP4.5. EU effort to mitigate CC through increased bioeconomy; and, 

• S3—Global Bioenergy: Temperature increase of 1.5–2.0 °C by 2100, compared to pre-industrial 

values. Climate scenario: RCP2.6. Global effort to mitigate CC through increased bioeconomy; 

2.7.1. Climate Change 

Climadapt [14], an Irish CC software, was used to predict the future YC for 11 common Irish 

forestry species for the year 2080 (Table 6) based on the average climate for the period 2050–2080, 

using the IPCC A2 scenario [56], which corresponds to RCP8.5. A2, was the only scenario with 

sufficient information for long-term projection in Climadapt. Based on the relative YC change in the 

Climadapt prediction, a species-specific area weighted average YC change was calculated for the 

forested land in the CSA. Rather than assuming all change in the year 2080, the average YC change 

value was linearly interpolated between 1990, the base year for Climadapt’s climate data, and 2080. 

Due to 2080 being the last year for which YC is predicted in Climadapt, all of the subsequent years 

were assigned the 2080 productivity change. The Woodstock model start year was 2016, thus a degree 

of CC had already taken place from the Climadapt start year. CC was implemented in the model by 

scaling all the volume outputs with the species-specific YC change value. The BAU scenario was run 

without any CC, the full YC change in the A2 scenario was used for the S1 (Reference) forecast, half 

the YC change in A2 was used for S2 (EU Bioenergy), while the S3 (Global Bioenergy) scenario 

experienced the full A2 climate change between 1990–2016, and then experienced no further change.  
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Table 6. Proportional YC for 11 species, for three future scenarios in response to CC. Proportional YC 

of 100% in 2080 means that the YC is unchanged, a value smaller than 100% means YC decreases, a 

value higher than 100% means YC increases. The proportional YC change was interpolated between 

1990 and 2080. 

Species (Group) Year S1—Reference S2—EU Bioenergy S3—Global Bioenergy  

 Proportional YC 

Sitka spruce 

1990 100.0 100.0 100.0 

2016 94.8 94.8 94.8 

2080 82.1 91.1 94.8 

Lodgepole pine 

1990 100.0 100.0 100.0 

2016 102.0 102.0 102.0 

2080 106.8 103.4 102.0 

Birch 

1990 100.0 100.0 100.0 

2016 100.7 100.7 100.7 

2080 102.6 101.3 100.7 

Oak 

1990 100.0 100.0 100.0 

2016 99.0 99.0 99.0 

2080 96.7 98.3 99.0 

Larch 

1990 100.0 100.0 100.0 

2016 100.0 100.0 100.0 

2080 100.2 100.1 100.0 

Scots pine 

1990 100.0 100.0 100.0 

2016 114.7 114.7 114.7 

2080 149.5 124.7 114.7 

Norway spruce, Douglas fir, & Other conifers 

1990 100.0 100.0 100.0 

2016 97.4 97.4 97.4 

2080 90.9 95.4 97.4 

Beech 

1990 100.0 100.0 100.0 

2016 118.5 118.5 118.5 

2080 164.2 132.1 118.5 

Sycamore 

1990 100.0 100.0 100.0 

2016 96.6 96.6 96.6 

2080 88.2 94.1 96.6 

Ash 

1990 100.0 100.0 100.0 

2016 94.9 94.9 94.9 

2080 82.2 91.1 94.9 

Alder 

1990 100.0 100.0 100.0 

2016 98.2 98.2 98.2 

2080 93.8 96.9 98.2 

2.7.2. Dynamic Assortment Prices 

The CC scenarios also involve dynamic assortment prices for pulpwood and sawlog that reflect 

changing demands for wood fibre associated with the different levels of CC mitigation in the three 

scenarios. Wood assortment prices increase due to higher demand and the usage of wood fibre to 

reduce the impact of CC. The DP were produced by IIASA, using GLOBIOM, and they were based 

on external projections of wood demand in Ireland. The wood demand barely increased for S1 but 

the increases for S2 and S3 were in line with national projections of future wood harvest [57]. The 

national wood harvest increases rely on continued afforestation and the maturing of recently 

afforested private forests; however, there has been very little afforestation in the CSA recently and 

most of the non-forested sites are not eligible for afforestation. Thus, achieving these increases in 

harvested wood volumes was not explicitly used as a constraint in the Woodstock model. The prices 
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were delivered as decennial values for the period 2010 to 2100. The delivered DP differed from those 

that were outlined by Teagasc [58], so a change factor was calculated and then interpolated linearly 

between the decennial values (Figure 3). The change factor was then multiplied with the standing 

volume value for the respective year to implement dynamic assortment prices in the Woodstock 

model (Table A6). The BAU scenario was run without DP. Generally, both the sawlog and pulpwood 

prices increased over the planning horizon. The Sawlog prices in S1 increased in the first 30 years and 

then plateau for the remainder of the planning horizon. Sawlog prices were the highest in S3, and 

they had a steep price increase towards the end of the planning horizon in S2 and S3. Pulpwood 

prices increased dramatically by 2030 in all scenarios, and from 2030 to 2060, the S1 and S2 pulpwood 

prices decreased and then remained static. The S3 pulpwood prices increased each decade 

throughout the planning horizon. 

 

Figure 3. Annual dynamic price change factors used for Business as usual (BAU), S1, S2, and S3, using 

2010 as start year. The BAU scenario had no dynamic price change and was included in the graph for 

reference. 

2.7.3. Objective Function and Scenarios 

The linear-programming objective function that was used in the Woodstock model was to 

maximize NPV from mill-gate timber sales while complying with forest policy and environmental 

protection policy. The discount rate was set at 5%, which is often used in Irish forestry [4,38,59]. 

Constraints were implemented to ensure that any clearfelled sites would be replanted (in accordance 

with forest regulation) and the total clearfell area each year was limited to no more than 300 ha, i.e., 

3% of the forest area (assuming that the entire forest estate had even age-class distribution and was 

fellable on a 40-year rotation, 250 ha would be clearfelled in each year). This was implemented as 

Coillte staff, upon reviewing the results, indicated that dramatic spikes in public sector production 

were not feasible given their  policy of ensuring an even supply of timber at the regional level. The 

BAU scenario and three global scenarios were run for a 100-year planning horizon, while using the 

Woodstock model to investigate the potential impact CC and DP had on the harvest volumes and the 

forest composition of the Western Peatland forests. To further investigate the impact of the two 

aspects of the three global scenarios, the model was only run with the CC impact but without the 

DP—these runs were suffixed noDP (no dynamic prices), and with only the DP but without the CC 

impact—these runs were suffixed noCC (no climate change). The noDP and noCC scenarios were 

also run for 100 years. 
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3. Results  

The results are presented in three sections: (Section 3.1) change in forest composition in the 

global scenarios, (Section 3.2) global scenario impact on harvesting and NPV, (Section 3.3) impact on 

harvesting and NPV from dynamic prices and climate change separately. 

3.1. Change in Forest Composition in the Global Scenarios 

The forest composition changed over the planning horizon through the replacing of Sitka spruce 

and other conifer stands with lodgepole pine, by 2070 (Figure 4). There was little to no change in 

forest composition after year 2070. This change affected the BAU and three global scenarios: the area 

of lodgepole pine monocultures increased from around 26.0% in 2017 to 58.0%, 62.2%, 57.6%, and 

60.0% by 2070 for BAU, S1, S2, and S3, respectively. In the scenarios in which a smaller area was 

converted to lodgepole pine, a larger area of Sitka spruce mixtures and other coniferous stands on 

blanket peat were maintained. There was a substantial increase in the total buffer zone area, mainly 

as aquatic buffers, which increased from 0.9% in 2017 to 5.3–6.8% of the area in 2070, depending on 

the scenario. 

 

Figure 4. Percentage area by forest type for the four energy policy scenarios over the planning 

horizon. The Broadleaves group contains both privately owned broadleaves, which can be clearfelled, 

and Coillte broadleaves, which are managed under a continuous cover forestry regime. Total Buffer 

contains all freshwater pearl mussel setbacks, aquatic setbacks, and road buffers. Native Woodland 

Sites are mainly unmanaged native broadleaf stands that are retained for their high biodiversity 

values; they are separate from the ‘Broadleaves’ group. Sitka spruce mixtures contain all stands 

dominated by non-lodgepole pine conifers (including Sitka spruce), with broadleaves and/or non-

lodgepole pine conifers as secondary or tertiary species. Sitka spruce and lodgepole pine refers to 

monoculture stands of the respective species, i.e., all the trees are the same species and same age. 
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3.2. Global Scenario Impact on Harvesting and NPV 

Although the change in forest type was similar for the BAU and three global scenarios, large 

differences were observed in harvest area, harvest volumes, and NPV (Table 7). The NPV for the 100-

year planning horizon was €16.25 M, €23.15 M, €20.55 M, and €25.71 M for the BAU, S1, S2, and S3, 

respectively. The development of NPV over time (i.e., the NPV in each year is the sum of all 

discounted costs and revenues in the preceding years and the current year, discounted to the start 

year 2016) shows an initial divergence between scenarios around year 2035 (Figure 5). The divergence 

largely stabilized by 2057, with the exception for S3 in which the NPV increased throughout the 

planning horizon. For the other scenarios, there was almost no increase in NPV after 2057. The total 

clearfell area also increased for the global scenarios when compared to the BAU, but the increase was 

not linearly correlated with NPV, i.e., additional clearfell area did not proportionally increase the 

NPV. The harvest volumes peaked in the beginning and end of the planning horizon, with a dip in 

the middle for all scenarios. The largest amount of total harvest volume was achieved in S3, followed 

by S1, S2, and lastly the BAU scenario. This was related to the DP increase for pulpwood in the global 

scenarios, meaning that increased prices made more forests profitable to manage for pulpwood 

production. The largest change in timber assortment volumes over the planning horizon was that 

most of the total sawlog volume was harvested in the first five decades of the model run, while 

pulpwood volume was harvested throughout the planning horizon and it became the dominant 

assortment in the second half of the planning horizon. Small volumes of sawlogs were harvested 

throughout the planning horizon due to the presence of mineral soils that can support a spruce crop. 

Standing volume increased for scenarios from around 165 m3 ha−1 in 2016 to 308 m3 ha−1, 211 m3 ha−1, 

260 m3 ha−1, and 212 m3 ha−1 for BAU, S1, S2, and S3 in 2116, respectively. The difference in standing 

volume was due to the scenarios different harvesting levels. Although the standing volume increased 

overall, it slightly declined during the two large harvesting events between 2030–2050 and 2080–2016. 

Figure 6 presents the standing volume, harvested total, and assortment volumes.  

Table 7. Comparison of Net Present Value (NPV) over the 100-year planning period, relative NPV, 

total clearfell (CF) area, relative total CF area, total extracted harvest volume, and relative total harvest 

volume between the BAU and the three global scenarios. Relative values are calculated using BAU as 

reference. 

Scenario NPV (1000s €) Relative NPV CF Area (ha) Relative CF Area Harvest Volume (1000s m3) Relative Volume 

BAU 16,253 1.00 8149 1.00 3280 1.00 

S1 23,154 1.42 13,114 1.61 4522 1.38 

S2 20,554 1.26 11,380 1.40 4280 1.31 

S3 25,709 1.58 16,488 2.02 5277 1.61 

 

Figure 5. NPV development over time in the 100-year planning horizon for the BAU and three global 

scenarios. 
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Figure 6. Annual harvested volume per hectare (top-left), standing volume (top-right), harvested 

sawlog volume (bottom-left) and harvested pulpwood volume (bottom-right) for the BAU and three 

global scenarios over the 100-year planning horizon. To show the trends, 10-year average values 

rather than actual annual volumes are presented. All values are in m3 ha−1 year−1. 

3.3. Impact on Harvesting and NPV from Dynamic Prices and Climate Change Separately  

The differences in harvest volumes and NPV between all scenarios were more due to the DP 

than to CC. The noCC scenarios were more similar to the three base scenarios (i.e., S1, S2, and S3) 

than the noDP scenarios in terms of NPV, clearfell area, and harvested volume (Table 8). The 

scenarios that only incorporated CC and not DP did not achieve as high an NPV as the BAU scenario, 

despite lodgepole pine being predicted to grow better under all CC scenarios than in the BAU 

scenario. The CC factors reduced the growth for commercially valuable conifers (i.e., spruces, firs, 

and Doulas fir). Thus, the higher the CC effect, the less volume could be harvested from these species, 

reducing NPV. Two of the noDP scenarios, utilizing only CC, had lower NPV than the corresponding 

BAU scenario. With an NPV of €16.24 M, S3_noDP almost managed to produce an equal NPV to the 

BAU scenario, but only by harvesting 35% more area and 20% more net volume, with most of this 

increase consisting of pulpwood. 

Table 8. Comparison between NPV over the 100-year planning period, relative NPV, total clearfell 

(CF) area, relative CF area, total extracted harvest volume, and relative harvest volume for the BAU, 

S1, S2, S3, noCC and noDP scenarios. Relative values are calculated using the BAU values as reference. 

Scenario NPV (1000s €) 
Relative 

NPV 

CF Area 

(ha) 

Relative CF 

Area 

Harvest Volume (1000s 

m3) 

Relative 

Volume 

BAU 16,253 1.00 8149 1.00 3280 1.00 

S1 23,154 1.42 13,114 1.61 4522 1.38 

S2 20,554 1.26 11,380 1.40 4280 1.31 

S3 25,709 1.58 16,488 2.02 5277 1.61 

S1_noCC 24,858 1.53 12,727 1.56 4765 1.45 

S2_noCC 21,873 1.35 10,750 1.32 4247 1.29 

S3_noCC 25,357 1.56 14,623 1.79 5220 1.59 

S1_noDP 15,078 0.93 9897 1.21 3564 1.09 

S2_noDP 15,246 0.94 8771 1.08 3325 1.01 

S3_noDP 16,239 1.00 11,004 1.35 3940 1.20 
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4. Discussion 

Western Peatland forests, such as those in the Barony of Moycullen, are undergoing large 

changes in forest composition independently of the current and future climate and the demand for 

wood fibre. The desire for public forests in Ireland to become certified will mean an increase in 

lodgepole pine area, due to peat sites not being reforested using fertiliser. Management will likely 

not revert to fertilisation in the CSA due to the environmental protection status of adjacent land and 

the Owenriff catchment freshwater pearl mussel population’s sensitivity to eutrophication and 

siltation. The other large-scale forest composition change was the establishment of aquatic buffer 

zones. The forests were planted right up to the water body before Irish forestry started adapting 

towards SFM and increased its environmental consideration in 1996 [60]. Current forest practice is to 

parcel off the area adjacent to waterbodies and establish buffer zones during subsequent forest 

management actions. Therefore, these major changes in forest composition were due to the 

implementation of these new environmental policies and regulations, and not due to the climate and 

price changes of the global scenarios. The change in forest composition, from a Sitka spruce to a 

lodgepole pine dominant landscape, was not initiated until 2029, year 13 in the planning horizon. 

There was little harvesting in the early years, because the linear programming optimisation delayed 

harvesting to utilise higher assortment prices in the future. The early harvesting was primarily of 

lodgepole pine stands on blanket peat or spruce stands on mineral soil, these were reforested with 

the same species, which did not cause any change in forest composition. The low harvesting rates are 

consistent with the current Coillte management plan for the area [61]. The dip in harvest volume in 

the middle of the planning horizon was due to the forest in the CSA having an uneven age-class 

distribution, with 75.7% of the forest area being older than 20 years at the start year. After these stands 

were harvested, most of the forest consisted of juvenile stands, causing the dip in harvesting. 

The overall results show an increase in NPV from the management of the Western Peatland 

forests under the three global scenarios when compared to the BAU scenario. However, it is 

important to emphasise that the NPV increases were due to increasing assortment prices rather than 

the biophysical effects of CC. CC is likely to reduce the revenue of forestry in Western Ireland [30], 

especially from sawlog-producing conifer stands. Spruces, firs, and Douglas firs in the CSA are 

projected to grow 9–18% slower in the future under the A2 CC scenario, reducing the potential 

revenue from forestry. These predicted growth reductions of Sitka spruce in the west of Ireland are 

similar to the results of another Irish study that used Climadapt to analyse growth trends over the 

whole country [30], indicating that CC will negatively affect NPV for most Irish forestry. The higher 

demand for wood fibre in the expanding bioeconomy can mobilize biomass from marginal forests 

that would not be harvested under current conditions. Blanket bog lodgepole pine forests, seen as 

financial loss-making today [4], could be more valuable for foresters in the future if the pulpwood 

prices increase in the long-term. Although based on the DP used in this study, they will not become 

as profitable as coniferous plantations that are grown for sawlogs. The reduction in harvested sawlog 

volumes in the second half of the planning horizon for all scenarios was due to lodgepole pine only 

being utilised for pulpwood, based on its low quality (e.g., lack of straightness, excessive knots, etc.). 

Low-value lodgepole pine and the diminishing returns of discounting revenues from far into the 

future were the reasons why the NPV stagnated around the year 2057. NPV in the S3 scenario grew 

the most after 2057, compared to the other scenarios, but it was also the only scenario where the DP 

increased throughout the planning horizon. The reason that additional clearfelling area did not 

increase NPV linearly was partly due to diminishing returns of discounting future revenues. 

Additionally, any additional harvesting in S1, S2, and S3 when compared to the BAU scenario was of 

blanket bog grown lodgepole pine. The mill gate prices for Sitka spruce and lodgepole pine at average 

tree size 0.5 m3 is €33.7 m−3 and €7.1 m−3, respectively, and at average tree size of 1 m3 it is €42.1 m−3 

and €10.7 m−3, respectively. These are present day prices, without discounting and without 

consideration reforestation costs. 

The NPV reduction, when only modelling CC, is consistent with the findings of Keenan et al. 

[31]. Their study modelled CC on a very similar forest in the same part of Ireland. However, they 

implemented the entire growth impact of CC in year 2050 and 2080 (depending on the CC scenario), 
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and it was implemented by changing the species specific YC, rather than scaling the volume growth 

with an annual growth impact factor, as was done in this study. Another study used national forest 

inventory soil data, rather than the default Climadapt low-resolution soil maps, to analyse the CC 

impact on Sitka spruce productivity in the south-east of Ireland [30]. They predicted the same baseline 

productivity and both projections showed reduced productivity in the long-term. However, by using 

more accurate soil data, Sitka spruce productivity was predicted to be one to two YCs higher for the 

mid-term and long-term projections when compared to those using the default soil map [30]. 

Regardless of how and at which spatial scale CC is modelled for the Western peatland forests, the 

results point towards a negative impact on NPV due to the reduced growth of tree species utilised 

for sawlog production. However, the impact of CC on forest productivity widely differs across 

Europe. Projections of CC impact on stand productivity indicated increased stand productivity in an 

area of eastern Germany; this caused an increase in NPV from timber sales [62]. Increased forest 

productivity is also expected in temperate-oceanic areas of northern France [63] and in boreal forests 

in Sweden [64] and Finland [65,66]. Decreases in forest productivity are expected in south-western 

France [63], while Norway spruce is expected to become an unsuitable timber species in lowland 

Austria in the future [67]. Increased temperatures and reduced precipitation resulting from CC is 

expected to reduce wood production in the Mediterranean area [68]. Thus, the spatial scale at which 

the CC impacts are calculated for FMDSS implementation will affect the accurate forecasting of the 

forest conditions, influencing the adjustments to management that can be made. Even at the CSA 

scale, the Climadapt predictions differed slightly over the CSA, so there might be a research 

opportunity to implement CC at different spatial scales to evaluate the effect on the resulting best 

adaptive forest management. Additionally, the data in Climadapt is scaled from a low-resolution 

dataset [14]; higher resolution CC data would be useful in improving the accuracy and precision of 

forecasting CC impacts on forest productivity at the forest or landscape level. 

Due to current forest policy and environmental regulations, aerial fertilisation is no longer 

permitted when planting trees in the CSA, and there is not enough manpower for manual fertilisation 

[44]. Thus, the area of planted Sitka spruce has declined in recent years and, apart from a few sites 

with shallow blanket peat, the spruce trees are no longer planted on blanket peat in the CSA [49]. 

Thus, the NPV reduction was an effect of having a legacy forest at the start of the planning horizon; 

a forest that would not be established today. Fertilisation and spruce planting are still common 

management practices in Irish blanket peat forests with fewer environmental constraints than the 

CSA; however, increasing environmental regulation could cause blanket bog fertilisation to entirely 

cease in the future. Coillte has dual-certification and fertilise several of their plantations, but Irish 

certification rules for Forest Stewardship Council and Programme for the Endorsement of Forest 

Certification are to limit the use of fertiliser that is used in forestry and only use it when necessary to 

ensure canopy closure [69,70]. Therefore, it is likely that the species choice will be re-evaluated for 

poorly performing sites when it is time to plant the second or third generation of trees. The alternative 

management of peatland forests might also be attractive to better utilise the sites and provide other 

ESs (such as carbon sequestration, cultural services, and biodiversity), instead of low value pulpwood 

[71]. These options may include long-term retention of forest, restoration of natural bog habitat 

through rewetting, natural regeneration, retention of unplanted areas, planting with native species, 

and planting with lodgepole pine at low stocking levels [6,72]. 

The GROWFOR yield tables that were used were primarily developed using sites with mineral 

soils; only one of the 14 Sitka spruce sample sites was located on blanket peat and none of the other 

modelled conifers utilised for sawlog production had any sample sites that were located on blanket 

peat [73]. Due to the poor biophysical growing conditions in the Western peatlands, there was likely 

an overestimation of the merchantable volume that could be extracted from blanket peat stands. 

Based on observations that were made by Coillte staff, many blanket peat stands do not have full 

stocking due to high seedling mortality as a result of poor site conditions [74]. Many blanket peat 

stands in the forest inventory data were indeed not fully stocked and these stands perform 

differently, depending on peat depth [45]. Accurate data on peat depth was not available and there 

was no consistency in the stocking rate of blanket peat stands, thus it was impossible to appropriately 

model the success rate of future reforestation in the Woodstock model. Some stands, including 
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fertilised spruce and unfertilised lodgepole pine, go into check about a decade after planting. Check 

is a condition where the trees stop growing and foliage turns yellow due to insufficient mineral 

nutrients in the soil. Peat depth is likely a good predictor of YC [75] and it could be an indicator of 

high seedling mortality and the possibility of the stand going into check. However, there were no 

reliable data available to incorporate check and plantation failure based on site characteristics in the 

model.  

The impact of CC was not focused on excluding unsuitable species in the model. However, a 

more suitable species would be chosen if a species suffered severe growth reductions as a result of 

CC. Productivity reduction alone does not necessarily mean a species should be changed. If Sitka 

spruce YC 14 suffers a 15% growth reduction, then it will still grow better than lodgepole pine YC 10 

on the same site that benefits from a 10% growth increase, as Sitka spruce would have a YC of 11.9 

and lodgepole pine a YC of 11.0. However, depending on the DP it might be favourable to plant one 

species over the other. The model did not include the frequency of current and future pest and disease 

outbreaks, as relevant information is lacking [76]. Irish forests have been relatively safe from forest 

pests in the past [77] and forest health is currently considered to be good [78]. Homogenous forests 

are generally more susceptible to pest and disease spread [79], which could have devastating effects 

on the CSA forest if an invasive species arrives. Given that the increased spreading of invasive forest 

pests and diseases is already an observed outcome of a changing climate and increased global trade 

[80], the risk to Ireland’s homogenous peatland forests is something that needs to be considered with 

a greater urgency, and research is required to quantify the risks and their consequences.  

Uncertainties arise around how much foresters will know about future timber prices and tree 

growth under CC, and how management should be adapted to meet these challenges. It is unlikely 

that foresters will have full knowledge of these global impacts and will be able to optimize their forest 

management accordingly. However, based on corporate market analyses and large quantities of 

research on CC, foresters will probably be able to adapt and adjust to a high degree. This study 

focused on the impacts on harvest volumes and NPV. However, CC and increased harvesting 

resulting from higher assortment prices are likely to impact other benefits from forests, such as 

biodiversity, water quality, and carbon stocks. Predicting the impact global scenarios will have on 

these other ESs is important to assess the trade-offs from increased harvesting rates. Compliance with 

SFM means biodiversity and social values must also be considered, besides economic values. This is 

currently the focus of a project that builds on the results that are presented in this paper.  

5. Conclusions 

With reliable data on future conditions, modelling the impact of CC and DP on forest 

management can be implemented in Remsoft’s Woodstock, without having to change yield tables. 

The results indicate that higher demand for wood fibre will offset the negative effects of climate 

change in the CSA. Climate change will negatively affect the growth of conifer species that are utilised 

for sawlog production in the Western peatland forests in Ireland, resulting in a reduction in NPV as 

compared to current growing conditions. Based on this study, it is recommended that foresters 

incorporate global changes in their long-term management plans to mitigate the negative effects that 

non-adaptive management decisions can have on their forest enterprises. 
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Appendix A 

Table A1. Costs (€ ha−1) for individual silviculture actions, based on conifer and broadleaf forests. 

Source: Coillte. 

Action Conifer Broadleaf 

Mounding 650 650 

Fencing 89 204 

Planting 1500 2077 

Weevil control & Vegetation control 300 300 

Inspection 50 50 

Table A2. Value of standing volume (in € m−3) used in the model, based on average tree size for conifers 

(excluding lodgepole pine), and fixed values for broadleaves and lodgepole pine. Source: Teagasc 

[58] and Coillte. 

 Standing Volume Value 

Average Tree Size m3 Conifer (Excluding Lodgepole) Broadleaves Lodgepole Pine 

0.001–0.174 10.42 41.00 26.00 

0.175–0.274 28.20 41.00 26.00 

0.275–0.374 38.00 41.00 26.00 

0.375–0.474 41.96 41.00 26.00 

0.475–0.599 45.89 41.00 26.00 

0.600–0.799 49.05 41.00 26.00 

0.800–0.999 50.66 41.00 26.00 

>1.000 52.17 41.00 26.00 

Table A3. Felling and extraction costs (in € m−3) used in the model, based on average tree size, 

harvesting operation and species. Source: Coillte. 

Felling and Extraction  
 Conifer (Excluding Lodgepole) and Broadleaves Lodgepole 

Average Tree Size m3 Clearfelling  Thinning Clearfelling 

0.001–0.174 13.35 20.17 16.55 

0.175–0.274 11.42 16.31 14.34 

0.275–0.374 15.56 14.30 12.21 

0.375–0.474 9.83 13.52 11.72 

0.475–0.599 9.22 12.60 10.86 

0.600–0.799 8.19 10.73 9.62 

0.800–0.999 7.15 8.90 7.31 

>1.000 7.15 8.90 7.31 
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Table A4. Haulage cost (in € m−3) used in the model, based on species assortment and transport 

distance to suitable processing mills. 

 Alder Ash Beech Birch 
Douglas 

Fir 
Larch 

Lodgepole 

Pine 
Maple 

Norway 

Spruce 
Oak 

Scots 

Pine 

Sitka 

Spruce 

Haulage 

cost 
3.25 4.11 3.89 3.68 3.25 3.32 7.99 3.75 2.96 4.18 3.03 2.96 

Table A5. Additional costs (in € m−3) for harvest activities in specific areas. Source: Coillte. 

Environmental Designation Cost  

Harvesting in special areas of conservation or freshwater pearl mussel catchment 0.20 

Harvesting in special protection areas, national heritage areas or proposed national heritage areas 0.10 

Harvesting on peat soils or in buffer 2.60 

Table A6. Price change factors used in the three scenarios. Although the table only contains values 

for every decade, the price change factor was linearly interpolated and implemented on an annual 

basis. For example, a factor of 1.00 corresponds to no price change compared to the 2010 initial price 

and a factor of 1.10 corresponds to a 10% price increase. 

Dynamic Price Change Factors 

  S1  S2 S3 

Year Sawlog Pulpwood Sawlog Pulpwood Sawlog Pulpwood 

2010 1.00 1.00 1.00 1.00 1.00 1.00 

2016 1.07 1.08 1.06 1.03 1.06 1.03 

2020 1.12 1.14 1.10 1.05 1.09 1.05 

2030 1.18 1.46 1.18 1.22 1.18 1.22 

2040 1.27 1.31 1.19 1.19 1.18 1.51 

2050 1.28 1.38 1.21 1.15 1.26 1.64 

2060 1.25 1.21 1.21 1.14 1.34 1.75 

2070 1.23 1.21 1.21 1.14 1.34 1.75 

2080 1.28 1.21 1.30 1.14 1.34 1.75 

2090 1.28 1.21 1.34 1.14 1.40 1.82 

2100 1.29 1.21 1.38 1.14 1.42 1.84 

2116 1.29 1.21 1.38 1.14 1.42 1.84 

References 

1. OCarroll, N. Forestry in Ireland: A Concise History; National Council for Forest Research and Development 

(COFORD): Dublin, Ireland, 2004. 

2. Gray, H.J. The Economics of Irish Forestry. J. Stat. Soc. Inq. Soc. Irel. 1963, 21, 18–44. 

3. Neeson, E. A History of Irish Forestry; Liliput Press: Dublin, Ireland, 1991. 

4. Tiernan, D. Environmental and social enhancement of forest plantations on western peatlands-a case study. 

Irish For. 2007, 64, 5–16. 

5. Forest Service. Ireland’s National Forest Inventory 2017—Results; Forest Service, Department of Agriculture, 

Food and the Marine: Wexford, Ireland, 2018. 

6. Renou-Wilson, F.; Byrne, K.A. Irish Peatland Forests: Lessons from the Past and Pathways to a Sustainable 

Future. In Restoration of Boreal and Temperate Forests; Stanturf, J.A., Ed.; CRC Press: Boca Raton, FL, USA, 

2015; Volume 13, pp. 321–335. 

7. Forest Service. National Forest Inventory—Republic of Ireland—Results; Forest Service: Wexford, Ireland, 2013. 

8. Renou, F.; Farrell, E.P. Reclaiming peatlands for forestry: The Irish experience. In Restoration of Boreal and 

Temperate Forests; Stanturf, J.A., Ed.; CRC Press: Boca Raton, FL, USA, 2005; pp. 541–557. 

9. Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia-Gonzalo, J.; Seidl, R.; Delzon, S.; 

Corona, P.; Kolström, M. Climate change impacts, adaptive capacity, and vulnerability of European forest 

ecosystems. For. Ecol. Manag. 2010, 259, 698–709. 

10. Gleeson, E.; McGrath, R.; Treanor, M.A. Ireland’s Climate: The Road Ahead; Met Éireann: Dublin, Ireland, 

2013. 



Forests 2019, 10, 270; doi:10.3390/f10030270  22 of 25 

 

11. Sweeney, J.; Brereton, T.; Byrne, C.; Charlton, R.; Emblow, C.; Fealy, R.; Holden, N.; Jones, M.; Donnelly, 

A.; Moore, S. Climate Change: Scenarios & Impacts for Ireland (2000-LS-5.2. 1-M1) ISBN: 1-84095-115-X. 

2003.. 

12. Collins, J.F.; Cummins, T. Agroclimatic atlas of Ireland; Agmet: Dublin, Ireland, 1996. 

13. Ray, D.; Nicoll, B.C. The effect of soil water-table depth on root-plate development and stability of Sitka 

spruce. Forestry 1998, 71, 169–182. 

14. Ray, D.; Xenakis, G.; Tene, A.; Black, K. Developing a Site Classification System to Assess the Impact of 

Climate Change on Species Selection in Ireland. Irish For. 2009, 66, 101–122. 

15. Pyatt, D.G.; Suárez, J.C. An Ecological Site Classification for Forestry in Great Britain with Special Reference to 

Grampian, Scotland; Forestry Commission: Edinburgh, UK, 1997. 

16. Hofer, R. History of the Sustainability Concept—Renaissance of Renewable Resources. In Sustainable 

Solutions for Modern Economies; Hofer, R., Ed.; The Royal Society of Chemistry: Cambridge, UK, 2009; pp. 

1–11. 

17. Forest Europe. Resolution H1—General Guidelines for Sustainable Forest Management of Forests in 

Europe. In Proceedings of the Second Ministerial Conference on the Protection of Forests in Europe, 

Helsinki, Finland, 16–17 June 1993. 

18. Mulloy, F. Forestry and the environment—A sustainable prospect. Irish For. 1997, 54, 33–41. 

19. Eriksson, L.O.; Borges, G.J. Computerized Decision Support Tools to Address Forest Management Planning 

Problems: History and Approach for Assessing the State of Art World-Wide; Swedish University of Agricultural 

Sciences: Umeå, Sweden, 2014; p. 503. 

20. Reynolds, K.M. Integrated Decision Support for Sustainable Forest Management in the United States: Fact 

or Fiction? Comput. Electron. Agric. 2005, 49, 6–23.  

21. Reynolds, M.K.; Twery, M.; Lexer, J.M.; Vacik, H.; Ray, D.; Shao, G.; Borges, G.J. Decision Support Systems 

in Forest Management. In Handbook on Decision Support Systems 2: Variations; Springer: Berlin/Heidelberg, 

Germany, 2008; pp. 499–533. 

22. Nobre, S.; Eriksson, L.-O.; Trubins, R. The Use of Decision Support Systems in Forest Management: 

Analysis of FORSYS Country Reports. Forests 2016, 7, 72. 

23. Bettinger, P.; Boston, K.; Siry, J.P.; Grebner, D.L. Forest Management and Planning, 2nd ed.; Academic Press: 

London, UK, 2017. 

24. Biber, P.; Borges, J.; Moshammer, R.; Barreiro, S.; Botequim, B.; Brodrechtová, Y.; Brukas, V.; Chirici, G.; 

Cordero-Debets, R.; Corrigan, E.; et al. How Sensitive Are Ecosystem Services in European Forest 

Landscapes to Silvicultural Treatment? Forests 2015, 6, 1666.  

25. Vacik, H.; Lexer, M.J. Past, current and future drivers for the development of decision support systems in 

forest management. Scand. J. For. Res. 2014, 29, 2–19. 

26. Baskent, E.Z.; Keles, S. Spatial Forest Planning: A review. Ecol. Model. 2005, 188, 145–173. 

27. Walters, K.R. Design and Development of a Generalised Forest Management System: Woodstock. In 

Proceedings of the International Symposium on Systems Analysis and Management Decisions in Forestry, 

Valdivia, Chile, 9–12 March 1993. 

28. Ashraf, M.I.; Meng, F.-R.; Bourque, C.P.-A.; MacLean, D.A. A novel modelling approach for predicting 

forest growth and yield under climate change. PLoS ONE 2015, 10, 0132066. 

29. Boulanger, Y.; Taylor, A.R.; Price, D.T.; Cyr, D.; Sainte-Marie, G. Stand-level drivers most important in 

determining boreal forest response to climate change. J. Ecol. 2018, 106, 977–990. 

30. Cabrera Berned, A.; Nieuwenhuis, M. The potential impact of intensification on forest productivity under 

different climate change scenarios. Irish For. 2017, 74, 40–60. 

31. Keenan, P.; Carroll, P.; Conway, H.; Lee, S. Spatial modelling of climate change in Irish forestry. In 

Proceedings of the Twenty-third Americas Conference on Information Systems, Boston, MA, USA, 10–12 

August 2017; pp. 1–9. 

32. Olesen, J.E.; Bindi, M. Consequences of climate change for European agricultural productivity, land use 

and policy. Eur. J. Agron. 2002, 16, 239–262. 



Forests 2019, 10, 270; doi:10.3390/f10030270  23 of 25 

 

33. Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth, K.; Kadner, S.; Zwickel, T.; Eickemeier, P.; Hansen, 

G.; Schlömer, S.; von Stechow, C. Renewable Energy Sources and Climate Change Mitigation: Special Report of 

the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2011. 

34. Kindermann, G.E.; Schörghuber, S.; Linkosalo, T.; Sanchez, A.; Rammer, W.; Seidl, R.; Lexer, M.J. Potential 

stocks and increments of woody biomass in the European Union under different management and climate 

scenarios. Carbon Balance Manag. 2013, 8, 2. 

35. Rinaldi, F.; Jonsson, R.; Sallnäs, O.; Trubins, R. Behavioral modelling in a decision support system. Forests 

2015, 6, 311–327. 

36. Moorkens, E.; Purser, P.; Wilson, F.; Allott, N. Forestry Management for the Freshwater Pearl Mussel 

Margaritifera Final Report—FORMMAR; Trinity College, University of Dublin: Dublin, Ireland, 2013; p. 21. 

37. Huss, J.; MacCarthy, R.; Fennessy, J.; Joyce, P.M. Broadleaf Forestry in Ireland; Coford, National Council for 

Forest Research and Development: Dublin, Ireland, 2016. 

38. Corrigan, E.; Nieuwenhuis, M. A Linear Programming Model to Biophysically Assess Some Ecosystem 

Service Synergies and Trade-Offs in Two Irish Landscapes. Forests 2016, 7, 128. 

39. Purser, P.; Lynch, T. Dynamic Yield Models Used in Irish Forestry; COFORD: Dublin, Ireland, 2012; p 4. 

40. Edwards, P.N.; Christie, J.M. Yield Models for Forest Management [UK]; Forestry Commission (UK): Alice 

Holt Lodge, UK, 1981. 

41. Phillips, H.; Redmond, J.; Mac Siúrtáin, M.; Nemesova, A. Roundwood Production from Private Sector Forests 

2009–2028: A Geospatial Forecast; COFORD: Dublin, Ireland, 2009. 

42. IPCC. 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by the National Greenhouse Gas 

Inventories Programme; IPCC: IGES, Japan, 2006. 

43. Ruane, P. (Business Area Unit 2 Team Leader, Coillte Forest, County Galway, Ireland). Personal 

communication, 2019. 

44. Flanagan, F. (Forest Manager (Operations), Business Area Unit 2, Coillte Forest, County Galway, Ireland). 

Personal communication, 2018. 

45. Renou-Wilson, F.; Keane, M.; McNally, G.; O’Sullivan, J.; Farrell, E.P. Developing a Forest Resource on 

Industrial Cutaway Peatland: The BOGFOR Programme; COFORD: Dublin, Ireland, 2008. 

46. Forest Service. Afforestation Grant and Premium Scheme 2014–2020; Department of Agriculture, Food & the 

Marine, Forest Service: Wexford, Ireland, 2015. 

47. Horgan, T.; Keane, M.; McCarthy, R.; Lally, M.; Thompson, D. A Guide to Forest Tree Species Selection and 

Silviculture in Ireland; O’Carroll, J., Ed.; COFORD: Dublin, Ireland, 2003. 

48. Forest Service. Native Woodland Establishment GPC9 & GPC10—Silvicultural Standards; Department of 

Agriculture, Food & the Marine, Forest Service: Wexford, Ireland, 2015. 

49. Clarke, T. (Business Area Unit 2 Team Leader, Coillte Forest, County Galway, Ireland). Personal 

communication, 2016. 

50. Forsell, N.; Korosuo, A. Global and Country Specific Prospective Scenarios. Milestone 6 of the Alterfor 

Project (WP2). 2016; p 20. Availible online: https://www.alterfor-project.eu/deliverables-and-

milestones.html (accessed on 23 Janauary 2019). 

51. Havlík, P.; Valin, H.; Herrero, M.; Obersteiner, M.; Schmid, E.; Rufino, M.C.; Mosnier, A.; Thornton, P.K.; 

Böttcher, H.; Conant, R.T.; et al. Climate change mitigation through livestock system transitions. Proc. Natl. 

Acad. Sci. USA 2014, 111, 3709–3714. 

52. Forsell, N.; Korosuo, A.; Havlík, P.; Valin, H.; Lauri, P.; Gusti, M. Study on Impacts on Resource Efficiency of 

Future EU Demand for Bioenergy (ReceBio); Final Report; Publications Office of the European Union: 

Luxembourg, 2016. 

53. Fricko, O.; Havlik, P.; Rogelj, J.; Klimont, Z.; Gusti, M.; Johnson, N.; Kolp, P.; Strubegger, M.; Valin, H.; 

Amann, M. The marker quantification of the Shared Socioeconomic Pathway 2: A middle-of-the-road 

scenario for the 21st century. Glob. Environ. Chang. 2017, 42, 251–267. 

54. Van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G.C.; Kram, T.; 

Krey, V.; Lamarque, J.-F. The representative concentration pathways: An overview. Clim. Chang. 2011, 109, 

5–31. 



Forests 2019, 10, 270; doi:10.3390/f10030270  24 of 25 

 

55. Moss, R.H.; Edmonds, J.A.; Hibbard, K.A.; Manning, M.R.; Rose, S.K.; Van Vuuren, D.P.; Carter, T.R.; 

Emori, S.; Kainuma, M.; Kram, T. The next generation of scenarios for climate change research and 

assessment. Nature 2010, 463, 747–756. 

56. IPCC. IPCC Special Report: Emissions Scenarios. Summary for Policymakers; Intergovernmental Panel on 

Climate Change: Cambridge, UK, 2000. 

57. Phillips, H.; Corrigan, E.; McDonagh, M.; Fairgrieve, M.; Farrelly, N.; Redmond, J.; Barrett, F.; Twomey, M. 

All Ireland Roundwood Production Forescast 2016–2035; COFORD: Dublin, Ireland, 2016. 

58. Teagasc. Timber Prices—Standing Sales Prices Supplied by Coillte. Available online: 

https://www.teagasc.ie/crops/forestry/advice/markets/timber-prices/ (accessed on 21 December 2018). 

59. Teagasc. Farm Forestry: Land Availability, Take-Up Rates and Economics. Available online: 

https://www.teagasc.ie/crops/forestry/research/land-availability-take-up-rates-and-economics/ (accessed 

on 22 Janauary 2019). 

60. DAFF. Growing For The Future—A Strategic Plan for the Development of the Forestry Sector in Ireland; 

Department of Agriculture Food and Forestry, Stationery Office: Dublin, Ireland, 1996. 

61. Ruane, P.; Coillte. Mid-West Business Area Unit Strategic Plan 2016–2020; Coillte: Wicklow, Ireland, 2015. 

62. Fürstenau, C.; Badeck, F.W.; Lasch, P.; Lexer, M.J.; Lindner, M.; Mohr, P.; Suckow, F. Multiple-use forest 

management in consideration of climate change and the interests of stakeholder groups. Eur. J. For. Res. 

2007, 126, 225–239. 

63. Loustau, D.; Bosc, A.; Colin, A.; Ogée, J.; Davi, H.; François, C.; Dufrêne, E.; Déqué, M.; Cloppet, E.; 

Arrouays, D.; et al. Modeling climate change effects on the potential production of French plains forests at 

the sub-regional level. Tree Physiol. 2005, 25, 813–823. 

64. Bergh, J.; Freeman, M.; Sigurdsson, B.; Kellomäki, S.; Laitinen, K.; Niinistö, S.; Peltola, H.; Linder, S. 

Modelling the short-term effects of climate change on the productivity of selected tree species in Nordic 

countries. For. Ecol. Manag. 2003, 183, 327–340. 

65. Briceno-Elizondo, E.; Garcia-Gonzalo, J.; Peltola, H.; Matala, J.; Kellomäki, S. Sensitivity of growth of Scots 

pine, Norway spruce and silver birch to climate change and forest management in boreal conditions. For. 

Ecol. Manag. 2006, 232, 152–167. 

66. Garcia-Gonzalo, J.; Peltola, H.; Briceño-Elizondo, E.; Kellomäki, S. Effects of climate change and 

management on timber yield in boreal forests, with economic implications: A case study. Ecol. Model. 2007, 

209, 220–234. 

67. Lexer, M.; Hönninger, K.; Scheifinger, H.; Matulla, C.; Groll, N.; Kromp-Kolb, H.; Schadauer, K.; Starlinger, 

F.; Englisch, M. The sensitivity of Austrian forests to scenarios of climatic change: A large-scale risk 

assessment based on a modified gap model and forest inventory data. For. Ecol. Manag. 2002, 162, 53–72. 

68. Martínez-Vilalta, J.; López, B.C.; Adell, N.; Badiella, L.; Ninyerola, M. Twentieth century increase of Scots 

pine radial growth in NE Spain shows strong climate interactions. Glob. Chang. Biol. 2008, 14, 2868–2881. 

69. PEFC (Ireland) Ltd. PEFC Irish Forest Certification Ireland, 2nd ed.; PEFC (Ireland) Ltd.: Cork, Ireland, 2014. 

70. FSC. FSC Irish Forest Stewardship Standard. In FSC-STD-IRL-012012—Irish Forest Stewardship Standard-EN; 

FSC National Initiative: Wexford, Ireland, 2012. 

71. Corrigan, E.; Nieuwenhuis, M. Using Goal-Programming to Model the Effect of Stakeholder Determined 

Policy and Industry Changes on the Future Management of and Ecosystem Services Provision by Ireland’s 

Western Peatland Forests. Sustainability 2017, 9, 11. 

72. Mazziotta, A.; Heilmann-Clausen, J.; Bruun, H.H.; Fritz, Ö.; Aude, E.; Tøttrup, A.P. Restoring hydrology 

and old-growth structures in a former production forest: Modelling the long-term effects on biodiversity. 

For. Ecol. Manag. 2016, 381, 125–133. 

73. UCD Forestry. Natforex - Database - Crop Growth and Yield. Available online: 

http://natforex.ie/Database.aspx (accessed on 15 Janauary 2019). 

74. Malone, L. (Head of Strategic Resource Planning, Coillte Forest, Newtownmountkennedy, County 

Wicklow, Ireland). Personal communication, 2019. 

75. Carey, M.; Hammond, R.; McCarthy, R. Plantation forestry on cutaway raised bogs and fen peats in the 

Republic of Ireland. Irish For. 1985, 42, 106–122. 



Forests 2019, 10, 270; doi:10.3390/f10030270  25 of 25 

 

76. Cunniffe, N.J.; Koskella, B.; Metcalf, C.J.E.; Parnell, S.; Gottwald, T.R.; Gilligan, C.A. Thirteen challenges in 

modelling plant diseases. Epidemics 2015, 10, 6–10. 

77. McCarthy, R. Monitoring forest conditions in Ireland (1988–1991). Irish For. 1993, 50. 

78. Cummins, T.; Harrington, F.; Neville, P. Forest Health and Ecosystem Monitoring in Ireland, 2009, FutMon 

Project, Further Development and Implementation of an EU-Level Forest Monitoring System, Project Number 

LIFE07 ENV/D/000218; UCD Soil Science, University College Dublin and Coillte Research & Environment: 

Dublin, Ireland, 2011. 

79. Klapwijk, M.J.; Bylund, H.; Schroeder, M.; Björkman, C. Forest management and natural biocontrol of insect 

pests. Forestry 2016, 89, 253–262. 

80. Ramsfield, T.D.; Bentz, B.J.; Faccoli, M.; Jactel, H.; Brockerhoff, E.G. Forest health in a changing world: 

Effects of globalization and climate change on forest insect and pathogen impacts. Forestry 2016, 89, 245–

252.  

 

 

 

© 2019 by the authors. Submitted for possible open access publication under 

the terms and conditions of the Creative Commons Attribution (CC BY) 

license (http://creativecommons.org/licenses/by/4.0/). 

 

 



 

271 
 

9.7 Appendix G: Evaluating the Impact of Future Global Climate Change and 
Bioeconomy Scenarios on Ecosystem Services Using a Strategic Forest 
Management Decision Support System 

This is the second published scientific article based on the research presented in this thesis and 

published at the time of the thesis submission. The article describes the model building in Chapter 

2 and the results from Chapter 4, detailing the methods and results from assessing the ecosystem 

services carbon, regulatory services, biodiversity, water quality, and cultural services. The article 

focus on how the global scenarios impacts on forest management affected the provision of forest 

ecosystem services. The article has been slightly formatted to better fit in this thesis. 
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Sustainable Forest Management (SFM) has become an important pillar of modern forest management, and one way to 
evaluate the sustainability of forestry is to assess long-term supply of ecosystem services (ESs) indicators. The concept 
of sustainability also has come to include adapting to climate change and the associated dynamic timber markets. This 
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that can deal with climate change and dynamic timber markets; and (2) analyse the impact that intensified forest 
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INTRODUCTION 

The concept of sustainable forestry originates from the 18th century and concerned sustainable supply of charcoal required for 
the mining industry (Hofer, 2009). Since then, Sustainable Forest Management (SFM) has been expanded to include economic, 
ecological, and social values, as defined by the United Nations Conference on Environment and Development in Rio de Janeiro in 
1992 (Forest Europe, 1993; Mulloy, 1997). Compliance with SFM has become a requirement for many forests around the world, 
Ireland included. The concept of Ecosystem Services (ESs) was originally introduced to raise awareness about the importance 
of nature protection by framing biodiverse habitat destruction in terms of economic loss (Gómez-Baggethun et al., 2010). The 
concept has since been expanded, and ES indicators specific to each region are now utilised to assess the status of the forest and 
the economic, environmental and social performance of the forest industry. ESs are defined as goods and services that 
contribute to human well-being (Reid et al., 2005) and they often depend on assets and functions of the world’s natural capital 
(e.g., soil, air, freshwater, minerals etc.; Turner and Daily, 2008). The Millennium Ecosystem Assessment reported that 
intensified natural resource management rapidly accelerated the decline of many ESs globally (Reid et al., 2005). Implementing 
SFM could be simplified by having a set of measurable ES indicators tied to each SFM pillar (Biber et al., 2015; Nobre et al., 
2016). However, since different methodologies are often applied across the world when assessing ESs, it is questionable if ES-
values can be compared between countries (Biber et al., 2015), and utilizing internationally uniform methodologies to assess 
ESs could result in reduced relevance for local landscape ESs (Nordström et al., 2019). Quantifying ESs makes it possible to 
analyse the interactions and trade-offs between them under different forest management approaches (Raudsepp-Hearne et al., 
2010). This can be done using Forest Management Decision Support Systems (FMDSSs), both at a stand and landscape level, 
which can then be upscaled (or modelled) to analyse regional or even global level ES trade-offs. 

FMDSSs have been widely used since the 1980s to make better forest management decisions as well as to forecast the future 
forest condition to ensure the sustainability of timber harvesting (Reynolds, 2005; Reynolds et al., 2008). FMDSSs were initially 
developed to ensure sustainable strategic timber yield (Nobre et al., 2016), and timber production or Net Present Value (NPV) 
often remains the main focus to this day (Reynolds et al., 2008; Bettinger et al., 2017). Spatial aspects of forest planning have 
been developed for these systems, mainly at the tactical and operational planning level (Baskent and Keles, 2005). These aspects 
refer to avoiding too large adjacent clearfelled areas, i.e., green-up rules (Bettinger and Zhu, 2006), minimizing harvesting and 
transportation costs (Nieuwenhuis and Williamson, 1993), and maintaining large areas of un-fragmented old growth and 
valuable biodiverse forest (Öhman and Wikström (2008). FMDSSs have been developed to analyse the impacts of forestry 
operations on biodiversity, carbon sequestration, water quality, the long-term changes in forest composition and structure, as 
well as to analyse how pest, disease, windthrow and wildfire damage will affect the forest and the resulting timber supply and 
other ES-values (Eriksson and Borges, 2014; Vacik and Lexer, 2014; Biber et al., 2015; Nobre et al., 2016; Marques et al., 2017). 
With an increasing understanding of forest ecosystems, the concept of SFM has expanded to consider, inter alia, the impacts 
that changing climate may have on species suitability, forest productivity, forest ESs and the resilience to pests diseases and 
extreme weather events (Nordström et al., 2019). Forest ecosystems are increasingly under pressure—along with 
accommodating SFM principles and the pressure of climate change impacts, new policies that have been introduced as a 
response to climate change often emphasize increased biomass production to make societies more sustainable (Lindner et al., 
2010; Söderberg and Eckerberg, 2013). Research in Europe has shown that increased harvesting levels often reduce the 
biodiversity levels in Europe (Verkerk et al., 2011; Duncker et al., 2012; Biber et al., 2015). High levels of biodiversity and tree 
species diversity have been found to be closely linked to other ESs and ecosystem functions (e.g., increasing resilience to 
disturbances and climate change, enhanced growth in certain species mixtures, high stocks of carbon stored in living biomass), 
making them strong indicators of ecosystem health (Balvanera et al., 2006; Gamfeldt et al., 2013; Brockerhoff et al., 2017). 

Analyzing the long-term impacts of various global development scenarios on forest management approaches and forest ESs 
is crucial to avoid negative outcomes and conflicts between stakeholders. The ALTERFOR project is a collaboration between 9 
countries (Germany, Ireland, Italy, Lithuania, The Netherlands, Portugal, Slovakia, Sweden, and Turkey; Marques et al., 2017; 
Marto et al., 2018; Schwaiger et al., 2018, 2019; Mozgeris et al., 2019; Nordström et al., 2019) that investigates the suitability 
of FMDSSs to analyse the complex dynamic interactions between climate change, global markets, and forest management 
practices to assess the suitability of current and alternative forest management systems to address future challenges and 
provide society with an optimal mix of ESs. Standardized ES indicators have been implemented in nine different FMDSSs to 
allow for comparisons across European landscapes and facilitated the large-scale analysis of long-term climate change and 
bioeconomy impacts on the provision of forest ESs in Europe (Nordström et al., 2019). The research presented in this article 
focusses on aspects of the ALTERFOR project that relate to the situation in Ireland. 

Early industrialism and an increased demand for agricultural land from the rapidly increasing population in the 18th and 
19th century nearly exhausted all Irish forests (OCarroll, 2004). Between 1908 and 2017 the forest cover in the Republic of 
Ireland increased from 1.5 to 11% or 770,020 ha (OCarroll, 2004; Forest Service, 2018). Much of this afforestation was done 
by the Irish state between the 1950s and 1990s, and large areas   of inexpensive, mountainous, marginal agricultural and 
blanket peat land were planted with fast growing and hardy conifer species from Western North America (Gray, 1963; Neeson, 
1991; Tiernan, 2007). The nutrient poor and excessively wet blanket peat sites were afforested using a combination of plowing, 
drainage, and application of rock phosphatic fertiliser to ensure stand survival (Renou-Wilson and Byrne, 2015). By 2012, 
about one third of all Irish afforestation had occurred on blanket peat sites (Forest Service, 2013). The main species used were 
Sitka spruce (Picea Sitchensis (Bong.) Carr.) and lodgepole pine (Pinus contorta Douglas), which now occupy 51.1% and 9.6%  
of the Irish forest estate, respectively (Forest Service, 2018). Lodgepole pine was planted on the least productive sites, while 
Sitka spruce was generally planted on the better sites, due to   its ability to reach a high Yield Class (YC, maximum mean annual 

volume increment for the species on the site in m3 ha−1 yr−1) on a wide range of sites (Renou and Farrell, 2005). 
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Sitka spruce is still the staple income producing species in Irish forestry and conifers in are clearfelled on a 35–50-year rotation, 
depending on species and site productivity. Since the 1990s, nearly all afforestation has been done on private land, with a greater 
focus on fertile and productive sites, while adhering to higher environmental standards, including the use of mandatory buffer 
zones, and, recently, with increased species diversification requirements (Byrne and Legge, 2008; Forest Service, 2016, 2017). 
Studies on the long-term impacts of climate change on Irish forestry found that the spruce trees utilised for sawlog production 
will likely suffer reduced growth in the future, causing reduced revenue for forest managers (Cabrera Berned and Nieuwenhuis, 
2017; Keenan et al., 2017; Lundholm et al., 2019). However, Lundholm et al. (2019) found that increased demand for wood 
biomass would offset the negative growth impacts of climate change on NPV, causing a net increase in future profits due to 
higher timber assortment prices. Forest based ESs has been evaluated previously in Ireland, but this assessment was focused 
on finding the biophysical provision limits of the forest landscape (Corrigan and Nieuwenhuis, 2016), in order to find an optimal 
balance of ESs under future policy scenarios (Corrigan and Nieuwenhuis, 2017). Although these studies involved important 
development in adapting FMDSS to assess ESs, they did not consider the impact of climate change on their provision levels. 
Thus, it is important to investigate  the impacts that increased harvesting, resulting from climate change and an increased timber 
demand caused by mitigation efforts, might have on biodiversity and other ESs, especially if the harvesting of forest biomass is 
introduced. 

FMDSSs can be used to model severe biotic and abiotic disturbances, including disturbances with increased frequency and/or 
magnitude due to climate change (Hennigar et al., 2013). Wind is the largest abiotic disturbance causing mortality in Irish 
forestry; mortality from windthrow is expected to increase in boreal and temperate forests due to climate change. This increase 
is not only the result of increased wind speeds, but also from milder winters with less frozen soil, reducing root anchorage (Saad 
et al., 2017), and from excessively wet soils, limiting root growth (Ray et al., 2008). However, a lack of relevant information 
about future disturbances means that many potentially devastating impacts are difficult to model accurately (Cunniffe et al., 
2015), and using Monte Carlo simulation to model disturbances can result in highly imprecise estimates, even if long time series 
are available (Armstrong, 1999). Remsoft Woodstock models using optimisation (the type of FMDSS used in this study) cannot 
accommodate stochastic disturbances (Walters, 1993), so these types of impacts were not included in this study. 

The aims of this study were: (1) incorporate several ESs indicators in a FMDSS that can deal with climate change and 
dynamic timber markets; and (2) analyse the impact that intensified forest management, resulting from global change 
scenarios that represent different levels of climate change mitigation efforts, will have on forest ES indicators in the west of 
Ireland. 

MATERIALS AND METHODS 

Case Study Area 

The Barony of Moycullen was chosen as the Case Study Area (CSA); it is located around the Cloosh Valley forest and the Derrada 
forest, just west of Galway city, county Galway, in western Ireland (Figure 1). The area contains 10,230 ha of forest, including 
Ireland’s largest continuous forest, at almost 4,600 ha. Coillte, the Irish semi-state forestry company, owns 81.1% of the forests 
in the CSA, with the remainder privately owned. Atlantic blanket peat soils occupy 82% of forest area, with the remainder 
mainly consisting of heavy wet gley soils and shallow lithosol soils. Most of the forest was established through afforestation in 
the 1970s and 1980s, using plowing, drainage, fertilisation and planting, and using hardy and fast-growing tree species from 
western North America. Sitka spruce and lodgepole pine occupy 41.0% and 29.1% of the CSA’s forests, respectively, other 
conifers and broadleaves occupy 10.4%, and the remainder, 19.5%, is made up of open, unstocked forest area. The CSA 
contains one of Ireland’s eight priority Freshwater Pearl Mussel (Margaritifera margaritifera L) catchments (Moorkens et al., 
2013), and is frequented by many visitors, both locals from Galway, as well  as tourists from Ireland and abroad. As blanket 
peat soils are often waterlogged, poor in nutrients, and allow only shallow root growth, the forests growing on them are very 
susceptible  to windthrow. Windthrow is further exacerbated by the CSA’s proximity to the Atlantic Ocean and the associated 
strong winds. Additionally, peatlands had to be drained prior to afforestation, causing the peat to oxidize and release CO2. Thus, 
the landscape in the CSA has multiple uses and complex ES interactions are taking place, making it an interesting study object 
for the analysis of the long-term sustainability impacts of climate change and the associated anticipated changes in timber 
prices. Many of these multiple use conflicts and ES interactions are also present in afforested peatland landscapes all along the 
western European seaboard, thus making the results relevant for forest managers and policy makers in a wider area. 

 

Decision Support System (DSS) 

The core model for the DSS was developed in Remsoft Woodstock (Remsoft, Fredericton, Canada), a software 
system used worldwide for strategic forest planning and management (Walters, 1993). The model used linear 
programming optimisation, with an objective function that maximises NPV from mill-gate timber sales over a 100-
year planning horizon, using a 5% discount rate, commonly used in Irish forestry (Tiernan, 2007; Corrigan and 
Nieuwenhuis, 2016; Teagasc, 2019). This core model was developed specifically for Irish forestry, incorporating 
country-specific forest management prescriptions, and to be compliant with Irish forest policy and environmental 
policy. The model used Irish growth and yield tables to forecast stand development and timber production, as well 
as the relevant costs and revenues associated with forest management actions (Lundholm et al., 2019). The core 
model was then expanded to include both climate change, through changes in tree species productivity, and an 
expanding bioeconomy, represented by dynamic wood assortment prices that reflect varying levels of mitigation 
efforts, for three global scenarios that were down-scaled to the national level. Since a changing climate and wood 
demand affect other ESs than harvest volumes and assortments, the DSS model was further expanded and 
customized to include indicators for five ESs: carbon storage, regulatory services, biodiversity, water quality, and 
cultural services. With the exception of the cultural RAFL-index, all ESs presented in this study were outputs 
produced by the Woodstock DSS; the cultural ES attributes were DSS outputs that were combined to produce the 
RAFL-index post-optimisation. The final DSS model is called the ALTERFOR model, after the research project for 
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which is was developed. 
 

 

Modelled Scenarios 
Three global scenarios and a control scenario were modelled, with the global scenarios including the effect of climate change on 
tree growth and dynamic timber prices, based on regional and global demand for wood, affected by different levels of climate 
change mitigation effort. The global scenarios narratives (Forsell and Korosuo, 2016) were derived from the Global Biosphere 
Management Model (GLOBIOM) (Havlík et al., 2014) and were provided by the International Institute for Applied Systems 
Analysis. The basis for the global scenarios were combinatory analyses of the EU policy scenarios (Forsell et al., 2016) and the 
Representative Concentration Pathways (RCP)— Shared Socio-economic Pathways (Fricko et al., 2017), developed for the 
International Panel for Climate Change. Thus, GLOBIOM provided dynamic timber prices on a decennial basis and their associated 
climate change scenario narratives. The Irish software Climadapt (Ray et al., 2009) was used to obtain species-specific climate 
change impact factors which were implemented in the ALTERFOR model, bringing the global scenario narratives to the Irish 
level. Climadapt uses a combination of ecological site classifications, current climate, and future climate in 2080 to predict the 
current and future site productivity for 20 tree species used in Irish forestry, 11 of these species and species groups which were 
modelled in this study: alder (Alnus glutinosa (L.) Gaertn.), ash (Fraxinus excelsior L.), beech (Fagus sylvatica L.), birches (Betula 
pubescens Ehrh. and Betula pendula Roth), Japanese larch (Larix kaempferi (Lamb.) Carr.), lodgepole pine (Pinus contorta 
Douglas), Norway spruce (Picea abies (L.) H. Karst.), oaks (Quercus robur L. and Quercus petraea (Matt.) Liebl.), Scots pine (Pinus 
sylvestris L.), Sitka spruce (Picea sitchensis (Bong.) Carr.), and sycamore (Acer pseudoplatanus L.). The Climadapt predictions of 
future climate only included the average climatic factors and did not consider the increased severity of storms. The exact global 
scenario factors used can be found in the study by Lundholm et al. (2019), and the four modelled scenarios were:  

• BAU—Business as usual. Control scenario with no climate change or dynamic prices implemented. 

• S1—Reference: Temperature increase of 3.7◦C by 2100, compared to pre-industrial values. Climate scenario: RCP8.5. 
No effort to mitigate climate change. Early increase in sawlog prices in the first 30 years, then prices remain static at 
29% higher than the start year. Early increase in pulpwood price by the first 20 years, then slight decline around year 
30, after which prices were mostly static at 21% higher than the start year. 

• S2—EU Bioenergy: Temperature increase of 2.5◦C by 2100, compared to pre-industrial values. Climate scenario: 
RCP4.5. EU effort to mitigate climate change through expanded bioeconomy. Steep increase in sawlog prices by 38% 
around year 60–90. Slight pulpwood price increase by 22% followed by decline all within the first 50 years, followed by 
static prices at 14% higher than the start year. 

• S3—Global Bioenergy: Temperature increase of 1.5–2.0◦C by 2100, compared to pre-industrial values. Climate 
scenario: RCP2.6. Global effort to mitigate climate change through increased bioeconomy. Steady increase in sawlog 
prices throughout the planning horizon to a level 42% higher than in the start year. Pulpwood prices increase by 84% 
over the 100-year planning horizon. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1 | The Barony of Moycullen CSA in County Galway, Ireland, delineated by its land-uses. Margaritifera areas are catchments with freshwater pearl mussel 

populations. The Cloosh Forest is the forest area at the center of the CSA, Derrada is located north of Cloosh. The Owenriff catchment contains much of the Derrada 

forest and is located just north of Cloosh. Source: Lundholm et al. (2019). 
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Both the climate change productivity impacts and the dynamic timber prices were converted to annual change values to avoid 
sharp increases and decreases between years, as those would greatly influence the model solution. The climate change 
productivity impacts were implemented in the DSS by scaling the growth and yield for all tree sizes, and the dynamic wood 
assortment prices were implemented as factors that were multiplied with the default wood assortment price. 

Ecosystem Service Indicators 

Carbon 
The carbon ES indicator includes five categories of forest related carbon: (1) stand living carbon (above and below ground), 
deadwood carbon (from harvesting and natural mortality), (3) carbon stored in harvested wood-products (HWP), (4) 
substitution of fossil fuels from using wood fiber for biofuel  and in construction, and (5) carbon emissions from drained peat 
soil. The deadwood carbon and HWP were subjected to   a decay function to represent decomposition of deadwood and 
degradation of HWP. The carbon ES assessment focused on the cumulative changes in total carbon stock from the start of the 
planning horizon (Equation 1). The absolute stock would be difficult to estimate since the historic harvest assortments and 
historic storage in HWP were unknown. 

𝐶𝐵𝑖ℎ𝑎−1 =
∑ ∆𝐶𝑝𝑜𝑜𝑙𝑗,𝑖 + 𝑃𝑠𝑢𝑏(𝑓𝑓)𝑡𝑜𝑡𝑎𝑙 𝑖 + 𝑃𝑠𝑢𝑏(𝑃)𝑡𝑜𝑡𝑎𝑙 𝑖 + (𝑂𝑆𝐶 ∗ 𝑝𝑒𝑎𝑡𝑓𝑜𝑟𝑖)

𝑓𝑜𝑟𝑒𝑠𝑡 𝑎𝑟𝑒𝑎𝑖
    (1) 

where CBiha−1 is the carbon balance per ha in year i, in units tons carbon ha−1; .6.Cpoolj,i is the change in carbon for category j 
(i.e., stand living carbon, deadwood carbon, and HWP carbon), in year i, given in tons carbon; Psub(ff)totali and Psub(P)totali 
are the total carbon substitution for fossil fuels and products, respectively, in year i, in tons carbon; OSC is the organic soil 
carbon loss in tons carbon ha−1; peatfori is the area of drained peatland forest in year i; forest areai is the total area of forest, 
for which the carbon balance was calculated. 

 

Stand living carbon 
Stand living carbon accounts for both above and below ground stocks of carbon and was calculated based on biomass 
expansion factors, carbon fractions, merchantable standing volume, and root ratio, i.e., ratio of belowground biomass to 
aboveground biomass, in Equation (2). 

𝑆𝐿𝐶𝑖 = 𝐵𝐶𝐸𝐹𝑆 ∗ 𝐶𝐹 ∗ (𝑠𝑡𝑎𝑛𝑑𝑣𝑜𝑙𝑖 ∗ (1 + 𝑅))     (2) 

where SLCi is the stand living carbon, in year i, in tons carbon; BCEFS is the biomass conversion and expansion factor for    

growing stock (hence the subscript s) (Supplementary Table 1); CF is the carbon fraction in tons carbon (ton dry mass)−1 

(Supplementary Table 2); standvoli is the total merchantable stand volume in year i, in m3; and R is the ratio of belowground 
biomass to aboveground biomass (Supplementary Table 1). 

 

Deadwood carbon 
Deadwood carbon inflow originated from both natural mortality and harvesting, recording carbon stored in logs aboveground 
and all belowground roots. Natural mortality was only obtained from the yield tables and therefore did not include the impacts 
of extreme events such as droughts, windthrow, pests and diseases. The annual inflow of deadwood went into four different 
stocks (aboveground and belowground stocks for both natural mortality and harvest residue deadwood carbon) that were 
subjected to annual decay functions. Natural mortality carbon (NMC) was calculated using Equation (3), Harvest Residue 
Carbon (HRC) was calculated using Equation (4). 

𝑖𝑛𝑓𝑙𝑜𝑤𝑁𝑀𝐶𝑖 = 𝐶𝐹 ∗ (𝑁𝑀𝑣𝑜𝑙𝑖 ∗ 𝐷 + 𝑁𝑀𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑆 ∗ 𝑅)    (3) 

where inflowNMCiis the total input of aboveground and belowground natural mortality carbon in year i, in tons carbon; CF is 
the carbon fraction in tons carbon (ton dry mass)−1 (Supplementary Table 2); NMvoli is the natural mortality of merchantable 
volume in year i, in m3; D is the density of the tree species in tons m−3 (Supplementary Table 2); BCEFS is the biomass 
conversion and expansion factor for growing stock (Supplementary Table 1); and R is the ratio of belowground biomass to 
aboveground biomass (Supplementary Table 1). 

𝑖𝑛𝑓𝑙𝑜𝑤𝐻𝑅𝐶𝑖 = 𝐶𝐹 ∗ (𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ 𝐷 ∗ 𝐻𝐹 + 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ 𝐵𝐶𝐸𝐹𝑆 ∗ 𝑅)    (4) 

where inflowHRCi is the total inflow of harvest residue carbon and belowground deadwood due to harvesting in year i, in tons 
carbon; CF is the carbon fraction in tons carbon (ton dry mass)−1 (Supplementary Table 2); Harvvoli is the harvested volume 
in year i, in m3; D is the density of the tree species in tons m−3 (Supplementary Table 2); HF is the harvest fraction left on sites 
and can be calculated from the average tree volume in m3, based on the calculation of F in Equation (5), which is the currently 
used Irish industry standard; BCEFS is the biomass conversion and expansion factor for growing stock (Supplementary Table 
1); and R is the ratio of belowground biomass to aboveground biomass (Supplementary Table 1). 

𝐹 =  
(4−(3.8∗𝑙𝑛(𝑎𝑣𝑔𝑡𝑟𝑒𝑒)))∗0.9

100
      (5) 

If the value of F < 0.03, HF is given the calculated value of F, otherwise HF = 0.03, which only happens when the average tree 
volume is larger than 1.35 m3.  
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The decay function was applied to all deadwood carbon pools, using Equation (6) (Bond-Lamberty and Gower, 2008). 

𝐷𝑊𝑖𝑗+1 = 𝑒−𝑘 ∗ (𝐷𝑊𝑖𝑗 ∗ FF) + [
(1−𝑒−𝑘)

𝑘
] ∗ (𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗 ∗ 𝐹𝐹)    (6) 

where DWij is deadwood carbon stock in category j (i.e., NMC and HRC) in year i, in tons carbon; k is the constant for first order 
decay which is dependent on the product half-life given in units yr−1 (Equation 7); FF is the fragmentation loss factor set at 0.85 
(i.e., 15% is the proportion of annually lost deadwood soil carbon due to fragmentation); and Inflowijis the inflow of particulate 
deadwood carbon from category j in year i, in tons carbon yr−1. 

𝑘 =
𝑙𝑛 (2)

𝐻𝐿
        (7) 

where HL is the half-life in years for the deadwood carbon category (aboveground or belowground). Half-life for logs is 12 years 
(Yatskov et al., 2003; Olajuyigbe et al., 2011; Lundmark  et al., 2016). Roots have a half-life of 19 years, stumps have a half- life of 
14 years, and stumps make up about 30% of the total mass of stumps and roots larger than 10 cm in diameter (Olajuyigbe et al., 
2011). This gives all belowground deadwood carbon a weighted mean half-life of 17.5 years. Thus, k is 0.0577 and 0.0396 for 
aboveground and belowground deadwood carbon pools, respectively. In the calculation, aboveground and belowground carbon 
were kept separate, so that of the different decay functions could be applied. 
Harvested wood-products carbon 
Utilisation of harvested wood and processing it into different products affects the storage of carbon outside the forest. In 
Ireland, HWP consist mainly of sawnwood and wood-based panels, while small amounts of the pulpwood assortment are 
utilised for biofuel. The inflow of carbon to each HWP category depends on tree species, log diameter, and wood allocation in 
each global scenario (Equation 8). 

𝑊𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗 = 𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑗 ∗ 𝑃𝐿 ∗ 𝐷 ∗ 𝐶𝐹 `     (8) 

where WInflowij is the inflow of stored carbon in year i in HWP product category j (i.e., wood-based panels or sawnwood) given 
in tons carbon; Hproductijis the wood allocated in year  i to HWP category j, given in m3 (Equation 9); PL is the processing loss 
factor, set to 0.43 for Ireland; D is the HWP category density, in tons m−3(Supplementary Table 2); and CF is the carbon 
conversion factor in tons carbon (ton dry mass)−1 (Supplementary Table 2). 

𝐻𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑗 = ∑ [𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ (1 − 𝐻𝐹𝑖) ∗ 𝐴𝐹ℎ,𝑖 ∗ (𝐹𝑠𝐹𝑃ℎ,𝑗)]ℎ     (9) 

where Harvvoli is the harvested volume in year i, in m3; HF  is the harvest fraction left on site (Equation 5); AFh,i is the assigned 
fraction of harvested wood removed from site that is allocated to assortment h, for each year i, AF varies by species and tree 
size and was derived from the yield tables; FsFPh,jis the utilisation fraction of assortment h to HWP category j and varies 
between three species categories (i.e., conifers excluding lodgepole pine, lodgepole pine, and broadleaves), and by global 
scenario (“normal utilisation” for BAU and S1, “climate change mitigation” for S2 and S3) (Supplementary Table 3). 
The carbon stock in each HWP category increased from the inflow of processed wood in subsequent years, but the inflow and 
previous year’s stock was subject to decayed over time, Equation (10). 

𝐻𝑊𝑃𝐶𝑖𝑗 = 𝑒−𝑘 ∗ 𝐻𝑊𝑃𝐶𝑖𝑗−1 + [
(1−𝑒−𝑘)

𝑘
] ∗ 𝑊𝐼𝑛𝑓𝑙𝑜𝑤𝑖𝑗     (10) 

where HWPCij is the carbon stock in HWP category j, in year i, in units tons carbon; k is the decay constant, using 0.027726 for 
sawnwood and 0.019804 for wood-based panels, based on half- lives of 25 and 35 years (IPCC, 2014), respectively, calculated 
according to Equation (7); and WInflowij is the inflow of carbon to HWP category j, in year i, in tons carbon units. 
Fossil fuel substitution 
Utilisation of harvested wood can substitute the use of emission- heavy construction materials or fossil fuels when wood fiber 
is used for energy production. These were considered as one- off substitutions happening in the year of harvesting. All the 
substitution factors excluded forest carbon dynamics, to avoid double counting of forest carbon. Fossil fuel carbon substitution 
was calculated according to Equation (11), and product carbon substitution was calculated according to Equation (13). 

𝑃𝑠𝑢𝑏(𝑓𝑓)𝑖,𝑗 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑒𝑛𝑒𝑟𝑔𝑦(𝑖) ∗ 𝐷 ∗ 𝐶𝐹 ∗ 𝐹𝑚𝑖𝑥(𝑗) ∗ 𝐷𝐹𝑗     (11) 

where Psub(ff)i,j are the emission savings due to substitution of fossil fuels in year i, for fossil fuel category j, in tons carbon; 
Harvvolenergy(i) is the harvested volume utilised for bioenergy in year i, given in m3 (Equation 12); D is the species wood density 
in tons m−3 (Supplementary Table 2); CF is the carbon fraction (Supplementary Table 2); Fmix(j) is the ratio of fossil fuel 
category j being replaced over the total fossil fuels being replaced, based on Ireland’s fossil fuel mix of natural gas: 0.49, oil: 0.35, 
and coal: 0.16 (Duffy et al., 2018); and DFi is the product substitution displacement factor for category j, in units ton carbon 
(emission ton carbon wood)−1 (Supplementary Table 4). The equation used to account for burning of firewood was a 
modification of Equation (11), but instead of multiplying with the Fmix(j) factor and DFi, the estimated emission was multiplied 
with −1. This was done since firewood in Ireland is largely burnt in inefficient domestic stoves, resulting in immediate 
oxidization and a net emission, as opposed to burning wood in combined heat and power plants. 
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𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑒𝑛𝑒𝑟𝑔𝑦(𝑖) = ∑ [𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑖 ∗ (1 − 𝐻𝐹𝑖) ∗ 𝐴𝐹ℎ𝑖 ∗ 𝐹𝑠𝑢𝑏𝐸ℎ]ℎ      (12) 

where Harvvolenergy(i) is the harvested volume in year i, in m3; HF is the harvest fraction left on site (Equation 5); AFhi is the 
assigned fraction of harvested wood removed from site that is allocated to each assortment h, for each year i, AF varies by species 
and tree diameter and was sourced from the yield tables; FsubEh is the fraction of each wood assortment (h) assigned to fossil 
fuel energy replacement (Supplementary Table 5). 

𝑃𝑠𝑢𝑏(𝑃)𝑖,𝑗 = 𝐻𝑎𝑟𝑣𝑣𝑜𝑙𝑠𝑢𝑏𝑠(𝑖,𝑗) ∗ 𝐷 ∗ 𝐶𝐹 ∗ 𝑃𝐿 ∗ 𝐷𝐹𝑗      (13) 

where Psub(P)I,j is the emission savings due to product category j in year i, in tons carbon; Harvvolsubs(I,j) is the harvest volume of 

wood used for semi-finished substitution products for category j, in year i, given in m3, calculated according to Equation (12), but 
with FsubEh replaced with FsubPh,j, the fraction of each wood assortment (h) assigned to product substitution of category j 

(Supplementary Table 5); D is the species wood density in tons m−3 (Supplementary Table 2); CF is the carbon fraction 
(Supplementary Table 2); PL is the processing loss factor, set to 0.43 for Ireland; and DFj is the product substitution displacement 

factor for product category j, in units ton carbon emission ton carbon wood−1 (Supplementary Table 4). 

Soil carbon 
Studies of the soil carbon balance in mineral soils are largely inconclusive on the magnitude and direction of stock changes due 
to forest management and forest types (IPCC, 2006). Thus, changes in mineral soil carbon stock were not included in the FMDSS 
and all soil carbon refers only to drained and forested organic soils, where there is significant carbon loss. The IPCC default 
emission factor for drained organic soils in the temperate zone is 0.61 tons C ha−1 yr−1, with an additional loss of 0.31 tons C 
ha−1 yr−1 due to runoff emission from dissolved organic carbon (IPCC, 2006). These values were incorporated for all forested 
peatland since drainage at afforestation was a necessary practice to ensure crop survival. 
 
Regulatory—Windthrow Risk 
Regulatory ESs refers to risk management, which mainly means windthrow in Ireland. A windthrow risk model was developed 
for Ireland by Ní Dhubháin et al. (2009) which calculates the probability that a stand has experienced windthrow with more 
than 3% of stems windthrown, based on several site and stand characteristics (Supplementary Table 6). The windthrow risk 
probability was calculated for the total forest area at ≥70% windthrow risk, and fellable forest area at 

≥70% windthrow risk, using the general structure of a logistic 
model. This model only measured the risk of windthrow having affected the stand, it did not make any prediction on the 
damage impact. 

 

Biodiversity 
The biodiversity ES assessment was based on measuring multiple stand structural features that contribute to improving 
biodiversity (Nieuwenhuis and Nordström, 2017) and some of the cultural attributes that were relevant for biodiversity 
assessment. These features were reported separately on a landscape level, and because they affect different aspects of 
biodiversity, they were not deemed equivalent, which is why  no average biodiversity indicator score was calculated. These 
features were: 

• Volume of large diameter trees, with Diameter at Breast Height (DBH) > 30 cm, > 40 cm, and > 50 cm, all in m3 ha−1. 
• Volume of natural mortality logs and volume of large diameter (DBH > 30 cm) natural mortality logs, both in m3 ha−1. 
• Volume of native Irish trees and broadleaves, in m3 ha−1. 
• Area of buffer zones, in ha. 
• Area of forest aged 61–80 and area of forest older than 80 years, in ha. 
• Cultural attributes for the percentage final felling area, Hemeroby index, Shannon species diversity, and DBH evenness 

(Table 1). 
 

Water Quality 
The Source Load Apportionment Model framework, developed by Mockler et al. (2017), to measure nutrient emissions of N and 
P from different land-use areas in Ireland was utilised for the water quality ES indicator. The published framework, as well as 
unpublished work by Mockler, was implemented in the FMDSS to model long-term forestry impacts on water quality as well  as 
background emission levels (Supplementary Table 7). The emission values were landscape-level average values, regardless of 
where in the landscape the land parcel was located, e.g., adjacent to or remote from watercourses. The FMDSS reported on 

emission rates both as total nutrient loads year−1 and average nutrient loads ha−1 year−1, for the forest and for the entire CSA, 
respectively. 
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TABLE 1 | Overview of operationalisation of indicators and attributes for all dimensions and concepts, including the specific value functions to determine upper and lower 

limits before averaging the score to create the RAFL-index. 

Concepts Dimensions Attribute Indicator (units) Direction of Value-function 

    attribute  

Stewardship Sense of care/upkeep Harvest residues m3/ha – 0 m3 = 0, 

     ≥3 m3 = 1, 

     linear 

Naturalness/ Alteration/impact Area harvested % of forest area harvested – 0% = 0, 

disturbances     5% = 1, 

     linear 

 
Wilderness Mortality volume m3/ha + 0 m3/ha = 0, 

     5 m3/ha = 1, 

     linear 

 
Intrusion Hemeroby index 0 = natural, non-disturbed forest, 0.33 = – Linear 

   close to natural, 0.66 = semi-natural, 1 =   

   far from natural (monocultures, plantation)   

Complexity Diversity Shannon index 
 

+ 0.5 = 0, 

  (species, standing   2 = 1, 

  volume)   
linear 

 
Variety Evenness of tree sizes 0–1 + Linear 

  on landscape level    

  (dbh)    

 
Spatial pattern Stand size variation Percent of total forest landscape occupied – 0% = 0, 

   by largest forest stand  5% = 1, 

     linear 

Visual scale Openness Mean tree number stems/ha – 1000 = 0, 

     2000 = 1, 

     linear 

 
Visibility Understory Percent of forest stands with understory – Linear 

Historicity/imageability Historical richness Mean stand age years + 20 year = 0, 

     60 year = 1, 

     linear 

 Historical Change in forest Percent of forest area that changed - 0% = 0, 

 continuity/place 

identity 

location (afforestation, 

deforestation) 

location (afforestation and deforestation)  
10% = 1, 

linear 

Ephemera Seasonal change Share broadleaves Percent broadleaf volume of total + 0% = 0, 

     5% = 1, 

     linear 

M. Hoogsta-Klein and G. Hengeveld (2017, personal communication to A. Lundholm, March 6, 2017). 
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Cultural 
The Recreation Aesthetics Forest Landscape (RAFL) index was used as the cultural ESs indicator (Nieuwenhuis and Nordström, 
2017). The index framework was largely based on four abstraction levels: concept—dimension—attribute— indicator, 
identified by Tveit et al. (2006). The concepts were based on perceived preferred forest structures to recreationalists, drawing 
from findings on scenic quality of landscapes (Tveit et al., 2006; Ode et al., 2008) and scenic beauty of forests (Edwards et al., 
2012; Giergiczny et al., 2015). The attribute indicators were scaled to have equal impact on the RAFL index, by determining 
upper and lower limits of the indicator, and if they had a negative of positive impact on the index (Table 1). The attributes 
belonging to the same concept were then averaged to a concept score, and, finally, all concepts were averaged into the RAFL-
index. Most attributes were determined by the forest average values from the yield tables, the Hemeroby index and understory 
attributes were landscape averages based on values assigned to different forest stand types, the Shannon Index and evenness 
of tree size on landscape level were calculated using landscape average values (Shannon, 1948; Whittaker, 1972; Mouillot and 
Leprêtre, 1999). 
The Shannon index was calculated by multiplying the percentage merchantable volume of each species in the landscape with the 
natural logarithm of itself, these values were then added up and multiplied by −1 Equation (14). 

𝑆ℎ𝑎𝑛𝑛𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =  −1 ∗ ∑ (𝑝𝑣𝑜𝑙𝑖 ∗ 𝑙𝑛(𝑝𝑣𝑜𝑙𝑖))𝐼
1      (14) 

where pvoli is the percentage of the merchantable volume of species i; plnvoli is the percentage of merchantable volume of 
species i multiplied by the natural logarithm of itself; and I is the number of forest species in the landscape at the start of the 
planning horizon. 
The evenness of tree sizes on the landscape level was calculated by getting a percentage logarithmic estimate of each DBH class 
(Equation 15). These percentage logarithmic DBH class values were summed and divided by the natural logarithm of the 
number of diameter classes (Equation 16). 

𝑝𝑙𝑛𝑝𝐷𝐵𝐻𝑖 = (
𝑣𝑜𝑙𝐷𝐵𝐻𝑖

𝑉𝑂𝐿𝑡𝑜𝑡
) ∗ 𝑙𝑛(

𝑣𝑜𝑙𝐷𝐵𝐻𝑖

𝑉𝑂𝐿𝑡𝑜𝑡
)     (15) 

𝐷𝐵𝐻𝑒𝑣𝑒𝑛𝑛𝑒𝑠𝑠 =  
−1∗ ∑ (𝑝𝑙𝑛𝑝𝐷𝐵𝐻𝐼

1 𝑖)

𝑙𝑛 (𝐼)
      (16) 

where DBH evenness is the evenness of tree sizes on the landscape level; I is the number of DBH classes; plnpDBHi is the 
proportion of the total volume in DBH class i multiplied by the natural logarithm of the proportion of the total volume in DBH 
class  i; volDBHi is the volume in DBH class i; and VOLtot is the total volume in the forest landscape. 

 

RESULTS 

Forest Composition and Age-Class 

The main change in forest composition over the planning horizon was the replacement of Sitka spruce and other conifer stands 
with lodgepole pine on blanket peat sites (Figure 2). The area of lodgepole pine monocultures increased from around 26.0% in 
2017 to 58.0, 62.2, 57.6, and 60.0% of the forest area  by 2070 for BAU, S1, S2, and S3, respectively, and there was little or no 
change in forest composition after 2070. In the scenarios in which a smaller area was converted to lodgepole pine (i.e., BAU and 
S2), a larger area of non-lodgepole pine conifer stands was maintained on blanket peat. There was also a large change in total 
buffer zone area, which increased from 0.9% in 2017 to 5.3, 6.8, 6.4, and 6.8% of the forest area in 2070 for BAU, S1, S2, and S3, 
respectively (Figure 2). The age class distribution was largely affected by two major harvesting events around the years 2020 
and 2070, which happened in all scenarios, but to a lesser degree in S3 (Figure 3). The area of old forest also differed between 
scenarios, being larger in the BAU scenario and in S2 (Figure 3 and Table 2). 

Carbon 

Relative to the model start year, the cumulative storage of carbon increased in the first 10 years to about 25 tons of carbon 
ha−1 for all scenarios. The increase was followed by an overall slow decline for the remainder of the planning horizon for all 
global scenarios (Figure 4). In the BAU scenario 37.0 tons of carbon was stored cumulatively in the first 20 years before the 
overall slow decline. The overall slow decline included a small increase in cumulatively stored carbon starting around 2060, 
which lasted until 2087, 2078, 2087, and 2070, for the BAU, S1, S2, and S3 scenarios, respectively. The final cumulatively stored 
carbon was 21.1, 7.6, 9.9, and −12.1 tons carbon ha−1 for the BAU, S1, S2, and S3 scenarios, respectively. To visualize the impact 
of drained peatlands on the cumulative carbon storage, the cumulative stored carbon indicator was also reported excluding 
the drained peat emissions. In that case, the cumulatively stored carbon per hectare increased in all scenarios, ending at 96.5, 
83.0, 85.3, and 63.3 tons ha−1 over the 100-year planning horizon for the BAU, S1, S2, and S3 scenarios, respectively (Figure 
4). The cumulative carbon storage by pools fluctuated over the planning horizon and differed slightly between scenarios, but 
the cumulative living carbon pool increased by 60.0, 32.7, 38.1, and 6.4 tons ha−1 for the BAU, S1, S2, and S3 scenarios, 
respectively. The cumulative storage in deadwood carbon increased by 5.3, 4.7, 5.8, and 6.9 tons ha−1 for the BAU, S1, S2, and 
S3 scenarios, respectively, and the cumulative storage of carbon in HWP was 13.2, 19.1, 15.8, and 18.7 tons ha−1 by 2116 for 
the four scenarios. The total displacement and total fossil fuel substitution over the planning
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horizon was 21.3, 30.1, 29.3, and 34.6 tons ha−1 for the BAU, S1, S2, and S3 scenarios, respectively, while the total loss of carbon 
due to drained peatlands over the planning horizon was 75.4 tons ha−1 for all four scenarios. 

Regulatory—Windthrow Risk 

The analysis of the area of forest at high windthrow risk (≥70% probability that >3% of stems are windthrown, based on the 
windthrow risk model) showed a steep increase in the first decade for all scenarios, as much of the forest grew taller before 
being clearfelled (Figure 5). The scenarios started to diverge in terms of the high risk area around the year 2030 due to different 
harvest levels. Clearfelling was the only method to reduce the windthrow risk of a stand, and not all stands were eligible for 
clearfelling due to environmental regulations. The ‘fellable area’ with stands at high windthrow risk exhibited a similar pattern 
in terms of which scenarios resulted in the largest high risk area, but the total at risk area was lower (Figure 5). Based on the 
results for S3, circa 2,130 ha of non-fellable forests with a high risk of experiencing windthrow were present at the end of the 
planning horizon (Figure 5). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 | Percentage area by forest type for the four scenarios over the planning horizon. The Broadleaves group contains managed broadleaf forests. Native 

Woodland Sites are mainly unmanaged native broadleaf stands retained for their high biodiversity values. Sitka spruce mixtures contain all stands dominated by 

non-lodgepole pine conifers (including Sitka spruce), with broadleaves and/or non-lodgepole pine conifers as secondary or tertiary species. The Sitka spruce and 

lodgepole pine groups refers to monoculture stands of the respective species. Source: Lundholm et al. (2019). 

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Frontiers in Ecology and Evolution | www.frontiersin.org 11 July 2020 | Volume 8 | Article 200 

Lundholm et al. CC Impacts on Forest ES 

 

 

Biodiversity 

Volume Stored in Large Diameter Trees 

The volume of large diameter trees per hectare increased in all scenarios, but more so in the BAU scenario compared to  the 
scenarios where global impacts were implemented (Table 2). Around 80% of the total large diameter volume was stored in 
trees with DBH 30–40 cm, regardless of scenario. All volume measurements (DBH > 30 cm, DBH > 40 cm, DBH > 50 cm) 
increased by at least a factor of four in each scenario, and most of this increase had taken place by the planning horizon midpoint, 
the year 2066. The BAU scenario resulted in a greater volume per ha for trees with DBH > 30 cm than the other scenarios by 
the end of the planning horizon, i.e., 94.31, 66.13, 75.01, and 69.49 m3 ha−1 for the BAU, S1, S2, and S3 scenarios, respectively. 
However, at the end of the planning horizon all four scenarios produced almost an equal volume in trees with DBH > 40 cm 
(11.03-12.81 m3 ha−1). All scenarios resulted in a volume of trees with DBH > 50 cm between 2.01 and 2.18 m3 ha−1 at the end 
of the planning horizon. 

Coarse Deadwood Volume From Natural Mortality  

The total volume of coarse deadwood originating from natural mortality was more than halved in all scenarios over the 
planning horizon (Table 2). Most of this total decrease had already taken place by the planning horizon midpoint, i.e., year 
2066. The same was true for large diameter (DBH >30 cm) coarse deadwood from natural mortality, i.e., the volume per 
hectare decreased by more than half in all scenarios. Total deadwood volume decreased from around 3.0 m3 ha−1 to 1.2–1.5 
m3 ha−1, and the volume of large diameter deadwood decreased from around 1.0 m3 ha−1 to around 0.3 m3 ha−1, indicating 
very low levels of deadwood in the forest landscape, according to the model. Almost all the natural mortality volume originated 
from conifers, mainly Sitka spruce and lodgepole pine. 

Broadleaf Volume and Native Tree Volume 

The birch (Betula L.) volume increased steadily in all scenarios from 0.78 m3 ha−1 to around 1.45 m3 ha−1 by the end of the 
planning horizon, due to birch being planted in buffer zones(see section Area of Buffer Zones below). The other broadleaf 
species present in the forest landscape at least doubled their total volumes per hectare in all scenarios, or in the case of alder 
(Alnus glutinosa (L.) Gaertn.), quintupled it. Alder increased its volume from 0.12–0.13 m3 ha−1 to 0.74–0.79 m3 ha−1 due to this 
species being planted in buffer zones (see section Area of Buffer Zones below). The increase in volume for other broadleaf 
species was not the result of new planting but occurred due to existing stands growing older. However, apart from alder and 
birch, none of the other broadleaves ever reached more than 0.92 m3 ha−1 (beech (Fagus sylvatica L.) in year 2116 in the 
S1 scenario). Compared to a combined average conifer volume of around 200 m3 ha−1, broadleaves will have a very minor 
presence in the forest landscape. Ireland’s only native commercial conifer, Scots pine (Pinus sylvestris L.), had its volume reduced 
in all scenarios and it was never higher than 0.5 m3 ha−1. 

Area of Buffer Zones 

The buffer zone area increased in all scenarios, from 91 ha in 2017 to 548, 669, 625, and 670 ha in 2116 for the BAU, S1, S2, 
and S3 scenarios, respectively (Table 2). The buffer zone area peaked around the year 2060 in all scenarios and was maintained 
for the remainder of the planning horizon. The requirement to establish buffer zones did not exist when most of the forest 
stands in CSA were established and they are thus retrofitted during subsequent management actions, mainly as 10–25 m wide 
water setbacks, sparsely planted with birch and alder, with varying width depending on soil type and slope. 

Area of Old Forests 

The area of forest older than 80 years increased in all scenarios but to very different levels at the end of the planning horizon: 
the total area increased from 17 ha in 2017, to 4,894 ha, 2,821 ha, 3,613 ha, and 2,456 ha in 2116 for BAU, S1, S2, and S3, 
respectively (Table 2). More forest area entered this older age class in the second half of the planning horizon (i.e., year 2066– 
2116) than in the first half. 
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Cultural Attributes 

Alteration, i.e., the percent of forest clearfelled, varied over time, and the cultural attribute Hemeroby index decreased in all 
scenarios, from 0.96 to 0.91–0.94, indicating a slightly more natural forest landscape due to the buffer zones. The Shannon 
species diversity index did not change much but showed a slight reduction in the BAU and S2 scenarios, but a small increase in 
S1 and S3, due to more broadleaf volumes in buffer zones. DBH Evenness increased more in scenarios with more clearfelling 
(i.e., S1 and S3), as the distribution between volume stored in small and large diameter trees became more even. 

Water Quality 

P emissions from a site increased in the years following a clearfell, while N emissions remained static. Thus, the total P emission 
loads were higher in the scenarios with greater total clearfell area. Although forest stands emitted more nutrients per hectare, 
other land parcels in the landscape contributed to N and P loads in watercourses (Table 3). The S3 scenario resulted in the 
highest amount of P emissions, followed by the S1, S2, and BAU scenarios, in that order. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 | Percent forest area by age class over the planning horizon for four scenarios. 
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TABLE 2 | Biodiversity indicators for the four scenarios, BAU, S1, S2, and S3, at three time points: 2017, 2066, and 2116. 

 
BAU 

  
S1 

 
S2 

  
S3 

 

Biodiversity indicator 2017 2066 2116 2017 2066 2116 2017 2066 2116 
 

2017 2066 2116 

Volume (m3 ha−1) DBH > 30 cm 10.16 68.80 78.39 9.92 50.55 51.78 9.61 57.09 60.16 
 

9.80 51.46 53.92 

Volume (m3 ha−1) DBH > 40 cm 1.73 12.41 13.91 1.72 11.03 12.17 1.68 11.59 12.81  1.70 12.04 13.34 

Volume (m3 ha−1) DBH > 50 cm 0.58 1.52 2.01 0.57 1.53 2.18 0.57 1.51 2.04  0.57 1.56 2.20 

Coarse deadwood volume (m3 ha−1) 3.10 1.75 1.23 2.87 2.46 1.65 2.84 2.35 1.55  3.04 1.90 1.23 

Coarse deadwood volume (m3 ha−1) DBH > 30 cm 1.05 0.34 0.34 1.00 0.29 0.38 1.02 0.30 0.35  1.00 0.30 0.35 

Volume share broadleaves (%) 0.96 1.24 1.31 1.05 1.46 2.00 1.06 1.37 1.54  1.01 1.65 1.90 

Volume (m3 ha−1) Fagus sylvatica 0.39 0.52 0.56 0.47 0.78 0.92 0.47 0.66 0.74  0.47 0.61 0.67 

Volume (m3 ha−1) Betula sp 0.78 1.03 1.49 0.78 0.97 1.50 0.78 1.01 1.50  0.78 0.94 1.43 

Volume (m3 ha−1) Quercus sp 0.14 0.28 0.36 0.14 0.27 0.35 0.14 0.27 0.35  0.14 0.27 0.35 

Volume (m3 ha−1) Pinus sylvestris 0.42 0.33 0.29 0.49 0.37 0.43 0.39 0.35 0.36  0.45 0.39 0.33 

Volume (m3 ha−1) Fraxinus excelsior 0.23 0.66 0.79 0.22 0.57 0.63 0.21 0.61 0.70  0.22 0.62 0.73 

Volume (m3 ha−1) Acer pseudoplatanus 0.03 0.07 0.08 0.02 0.06 0.07 0.03 0.07 0.07  0.03 0.07 0.08 

Volume (m3 ha−1) Alnus glutinosa 0.13 0.62 0.79 0.12 0.53 0.74 0.12 0.60 0.74  0.13 0.55 0.74 

Area buffer zone (ha) 91 528 548 91 667 669 91 614 625  91 667 670 

Area of forest aged 61–80 years (ha) 147 1509 1002 143 1182 803 143 1351 496  143 1184 96 

Area of forest older than 80 years (ha) 17 2548 4894 17 959 2821 17 1484 3613  17 967 2456 

Alteration – final felling area (%) 0.35 0.99 0.75 1.08 0.83 0.73 1.32 0.84 1.68  0.32 1.32 2.17 

Hemeroby index (0–1) 0.96 0.94 0.94 0.96 0.94 0.94 0.95 0.93 0.93  0.96 0.92 0.91 

Shannon species diversity (0–2) 0.89 0.89 0.84 0.89 0.92 0.91 0.89 0.91 0.87  0.89 0.91 0.91 

DBH evenness (0–1) 0.46 0.59 0.59 0.46 0.61 0.63 0.46 0.60 0.61  0.46 0.63 0.64 

The indicators represent per hectare values for volume of large diameter trees, volume of coarse deadwood, volume of coarse deadwood with DBH > 30 cm, volume share of broadleaves 

(%), volume of broadleaves, volume of native tree species, and the area buffer zones (ha) and the area of old forest (ha). 

 

  

 

 

 

 

 

 

FIGURE 4 | Cumulative stored carbon by year, in tons ha−1, for the four scenarios (solid lines), as well as for the four scenarios when emissions from drained peat 

soils are excluded (dashed lines). 
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TABLE 3 | Emission levels for N and P, for the forest (in kg yr−1 ha−1and kg yr−1) and the entire CSA (in kg yr−1 ha−1and kg yr−1), for the BAU, S1, S2, and S3 scenarios. 

Scenario 
  

N (kg yr−1) 
     

P (kg yr−1) 
 

  
Forest 

 
CSA 

   
Forest 

  
CSA 

 

 ha−1 Total ha−1  
Total 

 ha−1  
Total ha−1  

Total 

BAU 5.34 53,271.45 3.30 
 

228,527.69 
 

0.58 
 

5,772.21 0.29 
 

19,951.38 

S1 5.34 53,271.45 3.30  228, 527.69  0.59  5,881.03 0.29  20,060.21 

S2 5.34 53,271.45 3.30  228, 527.69  0.59  5,842.59 0.29  20,021.77 

S3 5.34 53,271.45 3.30  228, 527.69  0.60  5,953.56 0.29  20,132.74 

Cultural 

All scenarios resulted in slight increases in the RAFL-index over the planning horizon, and although the index fluctuated over 
time, there were no large differences in the final index values between the scenarios. The RAFL-index increased from 0.50 in 
2016 to 0.58, 0.58, 0.53, and 0.52 for BAU, S1, S2, and S3, 
respectively (Figure 6). The RAFL-index scores mainly changed due to a combination of changes in forest composition, clearfell 
areas, and the volumes of harvest residue in the forest landscape. Overall, all scenarios experienced very similar changes in 
forest composition but the total clearfell area differed greatly between scenarios—with respectively 61, 40, and 102% more 
total clearfell area in S1, S2, and S3 than in the BAU scenario. 

 

  

 

 

 

 

 

 

 

FIGURE 5 | Forest area (solid) and fellable forest area (dashed) with a critical windthrow risk over 70%, for the BAU, S1, S2, and S3 scenarios. 

 

 

 

 

 

 

FIGURE 6 | Ten-year average RAFL-index over the planning horizon for the 

four scenarios. 
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Comparison of Ecosystem Services 

The average supply of the ES indicators over the planning horizon was determined for the four modelled scenarios to evaluate 
and compare the levels of ESs, and to see if there were positive or negative correlations between them. Since the linear 
programming model operated on maximising NPV, the comparison of ES indicators was best made in relation to the NPV and 
clearfelling intensity in the scenarios, based on the results from a previous study (Lundholm et al., 2019), affected carbon 
storage, windthrow risk, broadleaf volume, P emissions, and RAFL-index (Table 4). The general trends were that cumulative 
carbon storage, windthrow risk area and RAFL-index decreased as clearfelling intensity increased, e.g., when comparing the 
BAU scenario with S3, a 61% increase in harvest volume resulted in 35% less carbon storage, 65% less fellable area at 
windthrow risk and a 7% lower RAFL-index. Although the scenarios that involved more harvesting had slightly higher P 
emissions, the absolute differences were small (3% higher P emission in S3 compared to the BAU scenario). More standing 
broadleaf volume was found in the scenarios with more harvesting (i.e., 15 and 17% more in S1 and S3, respectively, compared 
to the BAU scenario), although the actual differences were small. 

TABLE 4 | Annual average ES indicator values for the four scenarios: cumulative carbon storage (tons ha−1) with and without (in brackets) the impact of drained peat 

soils, the total area at 70% windthrow risk (ha) and the fellable area (in brackets), total broadleaf volume (m3), average P emissions from forests (kg ha−1) and average 

RAFL index per hectare. 

Scenario NPV Harvest volume Cumulative carbon 

storage per ha 

(without drained 

peat) 

Area with Windthrow 

risk (fellable) 

Broadleaf 

volume 

P emission RAFL-index 

BAU 162,535 32,797 21.5 (96.2) 4,996 (2,714) 28,477 0.58 0.58 

S1 231,563 45,223 7.6 (82.3) 3,471 (1,331) 32,802 0.60 0.54 

S2 205,536 42,789 9.9 (84.6) 4,212 (1,944) 28,955 0.59 0.55 

S3 257,089 52,773 −11.7 (63.0) 2,990 (926) 33,576 0.60 0.54 

The annual NPV (€) and annual total harvest volume (m3 ) from Lundholm et al. (2019) are included to put the ES indicators in the context of harvest intensity in the scenarios. 

DISCUSSION 

This study integrated the external global factors climate change and dynamic timber prices, as well as ES indicators in a FMDSS, 
using an approach that modified yield tables already used in traditional forest management planning. The FMDSS Remsoft 
Woodstock is widely used around the world, and the modelling approach presented in this study could be integrated in the model 
of any forest company without requiring additional software or significant model overhauls, since the approach can simply be 
built into any existing Woodstock model that is oriented toward the optimisation of NPV and harvest volume. Although this 
model was applied to a CSA in Ireland, and locally relevant   ES indicators were used, making the model results specific to the 
CSA and relevant to a wide group of local and national stakeholders, the basic methodology can be applied in any country or 
region. Of course, locally relevant ES indicators should be used wherever this approach is applied, e.g., local utilisation rates for 
HWP, prioritized regulatory services, relevant biodiversity indicators, etc. 

External Impacts and Forest Composition 

Climate change impacted on the growth rates of tree species and affected ES indicators that are based on stand volume 
measurements, e.g., many of biodiversity indicators and carbon, but the overall climate change impact on ES indicators was small. 
Determining the exact impact of external factors on ES indicators by comparing scenarios is difficult. Forest management in the 
scenarios differed as a response to the external factors and the largest impact on ESs was the level of clearfelling in the scenarios, 
which was mainly determined by the dynamic timber prices (Lundholm et al., 2019), a finding also confirmed using the same 
global scenario narratives in Lithuania (Mozgeris et al., 2019). Some correlations were found, where the greatest clearfell area 
(in the S3 scenario) resulted in more P emissions (which reduced water quality), and reductions in the area at windthrow risk, 
cumulative carbon storage, biodiversity indicators and RAFL-index. The opposite trend in ESs indicators was observed in the 
BAU scenario, which resulted in the smallest clearfell area. The results for the S1 and S2 scenarios fell somewhere between those 
for the BAU and S3 scenarios, both in terms of harvest level and the provision levels of the assessed  
ES indicators. Changes in forest composition also affected ES provision, but these changes were not only managerial responses 
the external factors (Dymond et al., 2016), forest policy also  had a large influence. Due to certification rules and increased 
environmental considerations, peat sites could no longer be reforested using fertiliser. This was the reason for the landscape 
changing from dominated by Sitka spruce to dominated by lodgepole pine, as this is the only species that can be established on 
blanket peat without fertiliser (Figure 2). The other large change in landscape composition was the establishment of buffer 
zones. Stands were historically planted right up to the waterbodies, but since adopting SFM in 1996, buffer zones are being 
retrofitted during subsequent harvesting (DAFF, 1996).  
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Differences in the age class distribution were due to clearfelling, which was a direct response to the external factors. Although 
additional afforestation, with enhanced biodiversity consideration, would be beneficial for most ES indicators, this was not a 
realistic option since the CSA is not suitable for afforestation (i.e., poor soils and many Natura2000 areas). Even if the land had 
been suitable for afforestation, studies have shown that the barriers to private landowners establishing forests are inflexibility 
of land management, lack of information, and the associated values and attitudes of farming and food production, rather than a 
lack of expected revenue (Duesberg  et al., 2014a,b). Thus, increasing timber prices would have been unlikely to expand 
afforestation in Ireland. Furthermore, the uncertainties associated with the impacts of climate change on forestry may have a 
negative effect on landowners’ willingness to afforest. On the other hand, potential new government policy to reduce Ireland’s 
carbon emissions may result in the mandatory establishment of a forest area on every farm that receives subsidies. 
Landscape-level management planning is the preferred and required scale for the modelling of the provision of multiple ES 
indicators when both the spatial and temporal interaction between stand types and forest management actions are included, as 
well as to allow for the involvement of multiple stakeholders (Marto et al., 2018). The objective of this study was to analyse the 
potential impacts on forest ESs from climate change and dynamic timber prices, rather than finding an optimal management 
schedule for the future that produces the best combination of ESs possible. Therefore, linear programming was considered a 
useful tool, as it allowed for the optimisation of a specific ES indicator (i.e., NPV) in a forest landscape, while also evaluating the 
associated provision levels of other ESs. 

Carbon 

Large amounts of carbon were sequestered in the BAU scenario, as large forest areas grew beyond normal clearfell age, proving 
that set-aside is an effective method for short-term carbon sequestration (Schwaiger et al., 2019). The forests became a carbon 
source in the S3 scenario, due to heavy clearfelling throughout the planning horizon. The other scenarios, S1 and S2, produced 
sequestration levels somewhere in the middle. Carbon emissions from drained blanket peat resulted in lowering the cumulative 
storage of carbon by 78, 91, 88, and 119% for  the BAU, S1, S2, and S3 scenarios, respectively. Additionally, the normal utilisation 
scenarios (BAU and S1) stored more cumulative carbon than the climate change mitigation scenarios (S2 and S3). The carbon 
stocks were impacted by different utilisation rates; for instance, 10% of all pulpwood was utilised for bioenergy in the BAU and 
S1 scenarios, while the corresponding value for the S2 and S3 scenarios was 30%. Although this higher level resulted in less 
carbon being stored long-term in wood- based panels, it contributed to a reduction in the use of fossil fuels for heating and 
energy production, reducing Ireland’s high dependency on imported fossil fuels, although biomass only supplies 2.3% of 
Ireland’s total energy needs (Dineen et al., 2016). Based on the analysis of 21 studies, Sathre and O’Connor (2010) found that 
displacement factors for using wood in construction varied from −2.3 to 15, with a mean on 2.1 tons carbon per ton carbon in 
wood. Factors that determine the actual displacement factors were mainly end-of life use, i.e., bioenergy or landfill, but also 
harvest and processing efficiencies. Furthermore, differences in landfill management have a large impact on released CO2 and 
methane (Micales and Skog, 1997), which in some of the analyzed studies determined whether using wood products was a net 
sink or net source. Methodological differences mean there is a shortage of comparative studies for determining accurate carbon 
displacement factors, especially from utilizing wood for construction (Smyth et al., 2017). Therefore, there is some uncertainty 
associated with the results on fossil fuel substitution presented in this study, especially for the BAU and S1 scenarios, in which 
more wood in HWP was used. 
Increased harvesting of biomass fuel could lead to shorter rotation periods if bioenergy species are planted, and extraction of 
more harvest residues, which decreases forest biodiversity (Verkerk et al., 2011; Duncker et al., 2012; Söderberg and Eckerberg, 
2013). Since old-growth forests and coarse deadwood volume are important contributors to habitat provision and an indicator 
of forest health (Lassauce et al., 2012; Brockerhoff et al., 2017), increased biomass extraction for bioeconomy and climate 
change mitigation must be carefully considered against the potential trade-off of forest biodiversity. Verkerk et al. (2011) 
estimated that intensified bioenergy harvesting could cause a 5.5% reduction of deadwood in European forests between 2005 
and 2030, whereas a business as usual scenario would increase deadwood volumes by 6.4% over the same time period. Utilizing 
European agricultural land for short rotation biomass crops would likely lead to increased food imports from developing 
countries, causing global biodiversity loss, as intensified land-use would remove species-rich habitats in the tropics (Di Fulvio et 
al., 2019). Alternatively to increasing bioenergy extraction, paying forest owners for creating carbon offset credits and 
accounting for carbon storage in HWP leads to longer rotation periods (Asante and Armstrong, 2012). However, if forest owners 
are also penalized for carbon emissions, there is a stronger incentive to clearfell old-growth forests to avoid natural disturbances 
(van Kooten, 2018), which would reduce the area of high biodiversity habitat. Thus, the trade-offs of mitigating climate change 
through utilizing wood products must be carefully considered, so as not to cause short-term habitat destruction and a reduction 
in biodiversity. Depending on how unmanaged forests will be affected by a changing climate will also determine whether it is a 
better climate mitigation strategy to harvest forests: will biomass growth increase as a result of more atmospheric CO2 acting 
as a fertiliser of forests (Houghton et al., 2001), or will increased catastrophic windthrow events, pests and diseases, wildfire 
(La Porta et al., 2008), and increased decomposition rates cause these forests to become carbon sources (Bradford et al., 2014)? 
Cannell (1999) acknowledged that although storing carbon in living trees increases the time to find other carbon storage and 
mitigation solutions, it does create a problem in that the reservoir of carbon can be released in the future through catastrophic 
events, and it limits the future management options for those forests. 
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Windthrow and Modelling Risk 

Although, the methodology used to assess the carbon ES was   a comprehensive and science-based method, it does require a 
closer investigation in relation to the windthrow ES indicator. Higher carbon storage was achieved by less clearfelling rather 
than storing carbon in HWP, e.g., compare the cumulative carbon storage and windthrow risk area in the BAU and S3 scenarios 
(Table 4). Most of Ireland’s forests are heavily production oriented and carbon stored in HWP provides a substantial positive 
contribution to Ireland’s greenhouse gas accounting (Green et al., 2006). Other forest carbon storage calculations have also 
found that more carbon was stored by utilizing wood for products with long storage lives than to indefinitely store carbon in 
unmanaged forests (Cannell, 1999). Over time, strong wind coupled with overall increased disturbances from climate change 
would likely cause endemic and catastrophic windthrow, not only in unmanaged western peatland forests but also in many 
European forests, resulting in a loss of productivity and decaying deadwood that releases carbon, instead of large stocks of 
living carbon (Senf and Seidl, 2020). Thus, the BAU scenario most likely overestimated the amount of sequestered carbon stock 
in living biomass. Since tree height, soil type, elevation, and exposure are important factors in determining windthrow risk 
(Lynch, 1985; Miller, 1985; Ní Dhubháin et al., 2009), it is very unlikely that indefinite retention of coniferous blanket peat 
forests should  be part of a successful carbon storage strategy (Seidl et al., 2014). However, including the initial and subsequent 
impact of windthrow damage in the model is not simple, and stand volume cannot be reduced by windthrow risk alone. 
Subsequent windthrow damage increases as stand edges are reshaped and the internal structure of the stand changes, both 
as a result of natural disturbances and management actions, such as thinning and clearfelling of adjacent stands (Montoro 
Girona et al., 2019). Even though the current (i.e., at model start year) stand stocking, and indirectly stand volume, in Coillte’s 
Woodstock model is reduced based on windthrow recorded during forest inventories, and these data are continuously 
updated, the potential impacts of future windthrow damage is not included in their model. The windthrow risk model, used in 
this study, only estimated the probability that at least 3% of the stems in a stand have been damaged by windthrow—it made 
no assumptions on the actual proportion of windblown trees or how a stand with high windthrow risk would be affected 
during subsequent years. 
Monte Carlo simulation is often used in forest modelling to evaluate the potential impact of natural disturbances (Davis and 
Keller, 1997). A Canadian study that modelled the average annual forest area affected by wildfire found that Monte Carlo 
simulation resulted in highly imprecise annual estimates, even though long time series were available (Armstrong, 1999), and 
this might also be true for windthrow damage. However, Monte Carlo simulation can only be utilised in Woodstock models 
that use simulation, and not those that use linear programming (Walters, 1993). To properly include the impact of windthrow, 
it might be better to adjust the yield tables or include a mandatory windthrow action, where in a certain percentage of the 
stands the stocking is lowered. However, this method would need to utilise a generalised damage level, instead of the irregular 
nature of catastrophic windthrow events and the individualised windthrow damage at a stand level (Scott and Mitchell, 2005). 
On the other hand, spatial specificity to reflect increased windthrow damage in stands adjacent to clearcuts or heavily wind 
damaged stands would likely increase the accuracy in modelling such damage at the landscape level (Seidl et al., 2009). 

Biodiversity Impacts 

Except for coarse deadwood volume, all biodiversity indicators increased in all modelled scenarios. The biodiversity indicators 
were not greatly impacted by the global scenarios since they were not directly influenced by the objective function. The fact that 
the biodiversity indicators were not greatly reduced in any of the global scenarios indicates that initial indicator values in the 
forest landscape were low to begin with, which is often the case in production oriented forest landscapes dominated by exotic 
tree species (Marto et al., 2018). The increases were largely due to additional broadleaf volumes resulting from the creation of 
buffer zones and more large diameter trees in older stands, either due to their protection status or as a result of  the 
unprofitability of their clearfelling and future management. Unprofitable forests and protection status also caused the area of 
old forest to increase in all scenarios. Natural mortality volumes decreased in all scenarios, and almost all coarse deadwood in 
the landscape originated from coniferous trees. The yield tables used for broadleaves did not include natural mortality as they 
were based on intensively managed forests where trees were thinned out before natural mortality could take place. The yield 
tables used for conifers included more natural mortality associated with unthinned Sitka spruce stands (which most of the Sitka 
spruce stands in the CSA were), whereas lodgepole pine stands produced more harvest residue during clearfelling, for stands of 
the same age on the same site. Thus, most of the reduction in coarse deadwood volume was due to the replacement of Sitka 
spruce with lodgepole pine, since aboveground deadwood from harvest residues accounted for only around 10% of all 
aboveground deadwood. High levels of biodiversity ES have been found to contribute to improvements in the provision of many 
other ESs (Lefcheck et al., 2015), especially with regards to overall ecosystem multifunctionality rather than individual ESs 
(Hector and Bagchi, 2007; Gamfeldt et al., 2008). Although this blanket peat dominated study landscape is very limited in its 
ability to grow a wide range of tree species, studies have found that even small increases in tree diversity contribute to increased 
ecosystem multifunctionality (Van Der Plas et al., 2016). Further, Duncker et al. (2012) found that modified forest management 
can have positive effects on biodiversity at fairly low costs. Thus, sacrificing only a small amount of NPV by implementing 
relatively minor management changes can lead to increased biodiversity and multifunctionality of Ireland’s western peatland 
forests. 
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Water Quality 

Water quality was assessed based on N and P emissions. The N emissions were not changed by forest management actions, 
but the P emissions were assumed to increase for 4 years after clearfelling before returning to previous levels. Thus, water 
quality was indirectly negatively affected by higher timber assortment prices, as these led to an increase in the total clearfell 
area in the S1 and S3 scenarios. However, even in the absence of clearfelling, the forests and all other land- use parcels in the 
CSA emit a background amount of P. Whether the emitted P would actually significantly impact the ecological status of 
downstream rivers and lakes depends on water discharge rates, other diffuse and point sources of P in the landscape, which 
catchments were affected, the temporal distribution of P, as well as the ecological threshold and current status of the waterbody 
receiving the additional P (Cummins and Farrell, 2003; Mockler et al., 2017). Some of these factors could be  
included in a Woodstock landscape management model, but others are much more difficult to capture, especially since most P 
is emitted from forests during heavy rainfall events (Rodgers et al., 2012). The P emission values from the Source Load 
Apportionment Model framework were area averages and applied to all land parcels, regardless of slope and distance to 
watercourses. In reality, harvesting sites close  to watercourses release more P into the watercourse, but these additional P 
emissions could be avoided by increasing the width of buffer zones, especially in areas receiving more overland water flow (Ó 
hUallacháin, 2014). However, buffer zones on blanket peat sites, which dominate in the CSA, are unlikely to sequester large 
amount of nutrients, especially P (Kelly- Quinn et al., 2016). Proper planning and implementation of forest operations in 
sensitive catchments, such as avoiding tracks near the watercourses, are paramount to limiting nutrient emission runoffs. The 
methodology presented here can easily be integrated into Coillte’s Woodstock model to produce rough estimates of the long-
term P emissions at a catchment and sub- catchment level, which are required for FSC certification (FSC, 2012). Furthermore, 
governmental authorities implementing the Water Framework Directive could utilise this method to assess total nutrient 
emissions from all land-uses in a catchment (forestry, agriculture, and other point and diffuse sources), not just the current 
level, but also future emissions based on rural development scenarios. 

Cultural Services 

Overall there was a small increase in RAFL-index values over the planning horizon in all scenarios, but there were no large 
differences between the global scenarios. The increase was mainly due to increased buffer zone areas that also increased the 
broadleaf volume, and an increased area of over-mature forest. The change from Sitka spruce to lodgepole pine caused no major 
change in either landscape aesthetics or Hemeroby- index, as both species are exotic conifers, but it did affect the stewardship 
score. The volume of harvest residue from clearfelled lodgepole pine is higher than the volume of harvest residue from Sitka 
spruce according to the yield tables, and this factor negatively affects the aesthetics of forests (Edwards  et al., 2012). In contrast, 
unthinned Sitka spruce contained more natural mortality volume than unthinned lodgepole pine, and as natural mortality 
decreased in the landscape, the wilderness score decreased. Changes in the stewardship score were the main reason for the 
fluctuations in RAFL-index changes over the planning horizon and were due to differences in the size and temporal distribution 
of clearfell areas between the scenarios. Clearfelling followed by reforestation increased the number of trees per hectare, 
reduced the stand age and increased the volume of harvest residues—factors that all contributed to temporarily lowering the 
RAFL-index. It is important to note that the limits for the RAFL-index attributes were set subjectively and were based on 
achievable values within the CSA. For example, the maximum share of broadleaves was set to 5% as this is what would be 
biophysically possible  to achieve in the CSA, since the blanket peats, wet mineral soils, mountainous areas and marginal 
agricultural land are not suitable for broadleaves. The CSA is representative for the western half of Ireland, where much public 
afforestation was done in the 20th century. For Ireland as a whole, the maximum share of broadleaves would more 
appropriately be set somewhere in the range of 55–67%, based on the soil types in the current forest estate, although only 
around 33% of the national estate would have commercial potential for broadleaves (Forest Service, 2018). Finally, the RAFL-
index was based on   a landscape average and ignored the likelihood that local areas might have high aesthetic values, where 
recreation activities could be concentrated. 

Management Implications and the Improvement of ES Provision Levels 

High levels of carbon, regulatory, biodiversity, and cultural ES indicators and low levels of P emissions were all achieved by 
not clearfelling any trees, allowing forests to mature, as in the BAU scenario. However, due to the windthrow instability of 
blanket peat forests and the fact that stands that have been opened up by initial windthrow are likely to experience more 
windthrow in subsequent years, many of these stands can be expected to have their standing volume reduced (Montoro Girona 
et al., 2019), which would reduce the provision levels of most ESs, and possibly shorten rotation periods due to salvage felling. 
Therefore, it is necessary, for a better utilisation of the land,  for forest managers to look outside the box for new types of 
management intervention in these stands. Management actions such as planting low stocked forests, restoring bog habitat and 
promoting natural regeneration of native vegetation could be used to redesign many blanket peatland forests. Such actions 
could result in long-term increases in biodiversity, cultural services, and water quality from the forest landscape, compared to 
the results of this study. Additionally, this would reduce the overall windthrow risk by clearfelling more forest stands, which 
would avoid the negative impacts of having over-mature conifer trees falling into watercourses and impacting water ecology 
(Lynch et al., 1985), or unmanaged stands becoming a breeding ground for bark beetles in the future (Weslien and Schroeder, 
1999). Therefore, it is advisable to decommission most Sitka spruce stands on blanket peat and harvest most standing Sitka 
spruce timber, recovering most of the extractable value (Lundholm et al., 2019).  
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Sitka spruce is expected to suffer reduced growth due to climate change, and restrictive use of fertiliser in forestry makes it less 
likely as a reforestation option on peatlands in the future, further driving the argument to replace Sitka spruce with other 
species and, perhaps, move away from commercial forest management of many blanket peat forests. However, the profitability 
of peatland forests could improve if demand for biomass increases as part of climate change mitigation practices. In such a 
case, the best strategy could well be the continued management of forests on blanket peat sites with medium to high 
productivity. The future development of economically marginal peatland forests, their increasing windthrow risk, and how 
they should be managed are relevant issues to address for all Irish western peatland forest (Tiernan, 2008) and also for many 
forests along the Atlantic seaboard of western Europe. 

Future Research 

Some potential future research areas are: (1) inclusion of disturbance impacts; (2) investigation of the impact of the spatial 
resolution of climate change on the results; and (3) assessment of alternative forest management systems on peatlands. Not 
including the impact of disturbances risks skewing the results, so a better understanding of their long-term abiotic and biotic 
impacts on mortality and stand development is necessary to properly assess the future provision of ESs. Climate change 
impacts vary locally and regionally, meaning large-scale climate models often have too low a resolution to provide detailed 
enough information for proper decision making (Koca et al., 2006). The Climadapt climate change data, used in this study, is 
scaled down from low-resolution projections (Ray et al., 2009). Thus, the forecasting precision and accuracy of the climate 
change impacts on species suitability and productivity could be improved by using higher resolution climate data. This aspect 
refers not only to the CSA, but generally to the resolution of climate change data that should be used in forecasting studies in 
the whole of Ireland, in Europe, and globally. Alternative management of Ireland’s peatlands has been proposed both in this 
study and by other authors (Tiernan, 2008; Renou-Wilson and Byrne, 2015). Before initiating the redesign of the forested 
landscape, the expected ES provision resulting from the use of alternative forest management systems should be carefully 
modelled. It is also be important to establish tests sites to increase our knowledge of suitable alternative management systems, 
especially regarding the natural development of clearfelled sites, the development of low-stocked stands, and the cost-effective 
potential to seed or plant areas with native broadleaf species  for biodiversity. 

CONCLUSION 

The Remsoft Woodstock based ALTERFOR FMDSS was used to model climate change and dynamic prices in Ireland by using 
modifiers on volume and price outputs, meaning that yield tables did not have to be changed, but the availability of reliable data 
is essential to get realistic results. Although the modelling framework presented here can be used to compare long-term ES 
provisions between regions and countries, the model results presented in this study are only applicable to Ireland’s western 
peatland forest landscape. The model objective was to maximise NPV, and, as a result, this indicator was most affected by the 
global scenarios. The ES indicator values varied between the scenarios, mainly due to the level of clearfelling, which was affected 
by the global scenario impacts, especially the changes in assortment prices. The largest differences in ES indicator values 
between scenarios were observed in carbon storage and windthrow risk, with smaller differences for biodiversity, water quality 
and cultural services. The scenarios exhibited the same overall trends, due to the nature of the linear programming model and 
its objective function. Biophysical limitations, e.g., the poor soil conditions, and policy restrictions, e.g., the prohibition on aerial 
fertilisation, made lodgepole pine the only eligible reforestation species on blanket peat soils, which dominated the results for 
the scenarios. Recently introduced forest policy led to larger buffer zone areas and, consequently a smaller productive forest 
area, but impacted positively on several ES indicators. 
Single objective optimisation is not the best method to analyse the complex interactions between the ES indicators. However, the 
aims of this study were to analyse forest management impacts on ESs indicators under global scenarios and not to find the best 
possible combination of ES provision levels. Therefore, linear programming was an appropriate tool to use in this study, as well 
for the subsequent analysis of the impact of alternative management actions on ESs. 
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