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Chapter 1 - Introduction, aims and objectives

1

1.1 Introduction

Forests are the repository of much of the world's biodiversity, and therefore foresters must assume
a degree of responsibility for its management and conservation. (Kapos and Iremonger, 1998).
Maintaining such biological diversity it is now one of the most important goals of managing forests
in a sustainable way and to address this need, biodiversity conservation organizations have
proposed nine templates of global priorities over the past decade. (Brooks et al., 2006). However, if
forest conservation priorities are well recognised globally, the process for understanding the
distribution of species and ecosystems locally is scale-dependent (Lindborg et al., 2017). On the
other hand, data that are available at a global scale are still typically sparse and of varying quality,

while locally choices are still driven by detailed data.

Managers and policy makers need to be cognizant of the biological significance of the forests they
manage in a broad context, avoiding to compromise global biodiversity goals by managing their
forests inappropriately. Therefore, to achieve this important management target it is crucial that
managers be fully informed (Noss, 1999) on the status, condition, conservation value of each
forest, and change in forest conditions over time. This thesis addresses these questions by
examining a range of data-driven spatially explicit approaches with the purpose of supporting the
assessment of potential impacts of different policy and climate scenarios on the Scottish forest-
based sector. The specific forest types characterization and potentialities are guided by information
at two levels: bottom-up models based on local characteristics of each site; and an overarching,
top-down, national-level national policy for net carbon sequestration. In the forest Scottish context
detailed local scale case studies are still lacking in incorporating the policy context and the
ecosystem service approach, introduced in Chapter 2, to meet national strategic targets. Beside,
human activities within and nearby the protected areas boundaries have increased the pressure on
forest and the services they deliver, exacerbating the concept that management and land-climate
systems need to coexist, and pursue the same sustainable development. The Cairngorms National

Park represent an example, that may possibly encourage dialogue between different actors for the
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mutual advantage of using tools that facilitate the visualisation of constraints and opportunities for
the forestry sector. In Chapter 3, the specific bio-physical assessment in the area and socio-

economic drivers and barriers to change in Cairngorms is presented.

Forests as carbon sinks, therefore, are required to play a multifunctional role that includes, but is
not limited to, biodiversity conservation and maintenance of ecosystem functions; yield of goods
and services to the society; enhancing the carbon storage in trees, woody vegetation and soils; and
providing social and economic well-being of people (Pandey, 2002). Evaluating how climate
mitigation measures (e.g. woodland expansion) may have unconsidered effect on other ecosystems
and forest functions has become increasingly important in the study of long-term maintenance of
biodiversity (Peters and Darling, 1985, Van der Plas et al., 2018, Minang et al., 2014). However,
works dealing with modelling of the impacts of climate change on woodland species dynamics in
Scotland to address carbon sequestration, one of the pillars in global mitigation, are limited. An
attempt to model the future distribution of broadleaved and conifer species at Scotland scale, and

investigate the potential impact on soil carbon is described in Chapter 4.

Natural protected areas provide valuable services to society, including the supply and purification
of fresh water (Postel et al., 2005, Garcia-Nieto et al., 2013., Birch et al., 2014). Ecosystem
services modelling tools has been widely compared (Dennedy-Frank et al., 2016, Rosenzweig et
al., 2014, Cheaib et al., 2012, Vigerstol and Aukema, 2011), with a quite relevant concern in
validation and accurancy, however successfully attempt in hydrological ecosystem (Redhead eta
la., 2016) have recently raised the attention around InVEST (Integrated Valuation of Ecosystem
Services and Tradeoffs, Sharp et al., 2015). In Chapter 5, a methodological approach to nutrient
and sediment retention taking account of modelling response to options of woodland expansion is
established, through the integration of ideas developed in the Interim report for the Scottish

Government (Gimona et al., 2019).

Adaptation and resilience cannot be achieved without credible and robust information on climate
change and its variability is needed to inform decision-making. UKCP18 is the most up to date
national climate projections for the United Kingdom and will provide users with the most recent
scientific evidence on projected climate changes with which to plan. The UKCP18 trends can drive
future fluvial flooding which, already increasingly nowadays, can heavily threats the hydraulic and

biological process of the flood plains. Engineering solutions seem insufficient to maintain low
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flood risk without affecting biota components (Talbot at al., 2018, Nedkov et al., 2012), hence
natural catchment-based adaptation measures (e.g. Natural Flood Management, NFM) are likely
required (Wilkinson et al., 2019, Iacob et al., 2016, Nisbet at al., 2011). Afforestation is one of the
measures that can increase infiltration rates associated with improved soil structure and macropore
formation (Eldridge and Freudenberger 2005). Target areas for spatial decision support and NFM
approaches can be implemented through the use of Geographical Information Systems (GIS)
providing an excellent opportunity for integrating with multi-criterion evaluation results
(Jankowski et al., 2001). A suitability model of the occurrence of flooding risk and opportunity for
afforestation in the Cairngorms National Park has been developed. This work is described in

Chapter 6.

The persistence of native species in fragmented landscapes is dependent on dispersal or foraging
movements between habitat patches, which may be limited. Although corridors have been heralded
as solutions, their effectiveness depends on species’ movement behaviour, which has rarely been
studied (Doerr et al., 2011). Chapter 7 brings together results of potential dispersal connectivity for
generic species in broadleaved woodland and specialized birds for native conifer. The connectivity
paradigm here is defined by a prediction of movement patters in complex landscape based on
circuit theory software. Such models identified the spatial opportunities for new trees that can act

as stepping stones, increasing connectivity and facilitating range expansion (Rossi et al., 2016).

Additional spatial data, not obtained by modelling methods, and the creation of the baseline land
cover map to use for generation land use change scenarios is discusses in details in chapter 8; while
results of four woodland expansion scenarios in the Cairngorms to meet the rate of national
strategic target are presented in chapter 9. The outcomes are the simulation of forest land managers
that can benefits from tools (e.g. spatial Multi Criteria Analysis, sSMCA) to identify win-win

functions and avoid unintented negative effects.

Chapter 10 draws conclusions regarding this work. The management of all natural resources must
now meet both national and local targets and guidelines. To achieve this stakeholders such as
policy makers, managers, ecologists, foresters, and field rangers must have access to both spatial
data and tools. Combining, GIS, statistical spatial models, specific ecological software and open-
source frameworks and integrating data in a computer-based platform to let decisions managers

explore options is therefore crucial to simulate and define multiple benefits. The main task of this
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research was to find a means to implement and integrate all the specific outcomes in the

Cairngorms National Park area and outline the implication, described in chapter 11, of such effort.
The specific objectives of this work therefore were:

1. To define areas for net positive soil carbon sequestration through woodland expansion in

Scotland accounting for climate changes (2050-2070).

2. To parametrize and use model in water purification service in Scotland assessing some of the

consequences of scenarios of broadleaved land use change.

3. To outline priority areas for implement Natural Flood Management in Scotland with the use of

spatial analysis.

4. Defining the potential dispersal pathways addressing native conifer and broadleaved species to

enhance connectivity in the Cairngorms National Park.

5. To discuss the usability and usefulness of MCDM methods from the viewpoint of supporting
forestry decision making, identifying priority areas in the National Park for native woodland

creation.

6. To map the options of woodland expansion in the Cairngorms National Park to meet national

climate target.

7. To examine differences in the results of simulating different stakeholders opinions in defining

priorities to the four chosen criteria.

8. To review the current Cairngorms National Park Forestry Strategy 2018.
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Chapter 2 - Research context: the use of Ecosystem Services
to define forest multifunctionality

2

2.1 Ecosystem Services approach

In the last 20 years the ES concept emerged through research projects aimed to enhance the
protection of the system that host and sustain humanity (MEA 2005), such as the economic
valuation of ES (Costanza et al. 1998, Kumar 2012), the environmental management (De Groot et
al. 2010) and the classification of ES in broader groups based on the benefits they provide to
society and economic prosperity (Watson et al. 2011). In same time the Common International
Classification of Ecosystem Services (CICES) (Fig. 2.1) was proposed to account for spatial
relationships between the source of the services and the beneficiaries (Haines-Young and Potschin
2011), although the debate is still open whether the biodiversity should be interpreted as an

ecosystem service (Mace et al. 2012).

Environment The Social and Economic System

/ SRR \ Final services K Goods and Benefits \

intermediate services

Biophysical The ‘production
structure or b d 1]
process m> ounaary

(e.g. woodland
habitat or net

X Function X
it (e.g. slow k
productivity) assage of water, =
P 9_ ’ Service ‘_\ \L
orbiomass) (e.g.flood W
protection, or Benefit \
\ Z harvestable (e.g. contribution to >
NLimit pressures via — products) aspects of well-being Value
policy action? suchas health and (e.g. willingness topay
safety) forwoodland
U protection or for more
woodland, or
p 8 harvestable products)
— |

\ CICES /\ /

Figure 2.1: The cascade model adapted from Haines-Young and Potschin 2011
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Humans shaped and manipulated the ecosystems greatly and extremely rapidly in accordance with
the growing demands of food, fresh water, timber, fibre and fuel and this request has often resulted
in conversion of natural landscape practices into human-dominated lands (Foley et al. 2005). In
real world context, each ecosystem is not independent, but instead exhibits complex interactions
with other nearby systems. For instance, the reduction of forests to increase timber and agricultural
production is one of the most important drivers of species extinction rates which are now 1000
times higher than in the fossil record (Hassan et al. 2005). In addition, deforestation and the land
use change on favour of intensive crop production activities, using high quantity of fertilizer, has
increased N and P concentration in aquatic ecosystems, leading to low productivity itself,
decreasing fish population, and the creation of hypoxic zones. Since 1850, roughly 35% of
anthropogenic CO2 emissions resulted directly from land use (Houghton et al. 2001), and in
particular forest ecosystem have been overused to meet the resources demand of world population
and support the induced pressure (Kochli and Brang 2005, Haberl et al. 2007, Lafortezza et al.
2013). Recent studies suggest that the world will need 70 to 100% more food by 2050 (Akram-
Lodhi 2008) and in the upcoming decades, how we find alternatives ways to meet the increasing
demand of resources and services will determine the future condition of the ecosystem and the life
style of the global population (Bennett and Balvanera 2007, Herrick and Sarukhan 2007). We
already experience worldwide situations where the provision of one service has a direct or indirect
impact on another service. This interaction suggest that ES research should be addressed to
improve our understanding of the relationships among ESs and our landscape management
(Bennett et al. 2009). Furthermore, the multifunctionality of the various ecosystems focus on
maintaining same level of use of the services (optimum) is unrealistic while compromising is an
achievable target in line with the real ecological process. The future research challenges will
therefore consider the analysis of trade-off between ESs and the identification of good
compromises (synergy) to enhance sustainable use of multiple ES to avoid unwanted irreversible

effect on land use and maintaining of long-term ES provisioning.
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2.2 Forest landscape planning: priorities and
multifunctionality

Each choice involves the definition of priorities. If you recently move to another country, you
might consider what kind of life style to have among different options. For instance, you might find
yourself having to decide whether you want to cycle to work or you want to buy a car and once you
are in the bicycle shop you have to decide between a road bike or a mountain bike, moving
forward, once you are on the road you will select the way to cycle to work among the cycle
network available and so on. Most of us are not in the comfortable position to buy or achieve
everything we desire. We must put thoughts into every purchase and consider how it affects our
bank account. We also must think about what type of satisfaction that purchase will give us. As a
result, to get one thing that we like, we usually have to give up another thing that we also may like.
Therefore, making decisions requires trading off one item against another. However, what is

essential is how you prioritise your choices and how much knowledge you have on the topic.

The roots of this concept come from the Latin word Priorem (previous, in front, better) commonly
used to define the leader of a monastery or mendicant order (Prior) which was described as “First
among equals”, hence we can define the prioritisation as “what you put in front or what is the better

choice for you” among multiple possible options.

Managing public land and landscape in general also involves trade-offs. Choices about whether,
where and when harvest timber or and where to expand agricultural rather than forest lands involve
trade-off among numerous factors that differ across landscape and over time (Kline and Mazzotta
2012). However, land is a limited resource that fulfils multiple functions (Seppelt et al. 2013) and
the planning process might not be simple as the choice between the bicycle and the car example
because requires the correct definitions of constraints and opportunities, the formulation of
alternative plans and the evaluation of their consequences. In fact, the management decision can
cause undesirable effects if it lacks understanding of the complex nature of ecosystem which lead
to the multifunctionality of land systems (Bennett et al. 2009). In other words, maximization of a
single function (or ES), for instance productivity, can feedback negatively on several others
ecosystem services and functions with cascading effects on human well-being (Holling 1996,
Bennett et al. 2009, Maes et al. 2012). Because most of the ESs shown to be interactive is

important to assess how the services are distributed across the landscape and how they interact each
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other. The number of publications has risen rapidly in the last decades since the concept of trade-
off has been originally developed in economics and the study of the relationships has been used to
describe different types of compromises occurring in management of ES (Lee and Lautenbach
2016, Cord et al. 2017), compromises between ES (Bennett et al. 2009), between generations
(Rodriguez et al. 2006), between ES provision and demand (Mouchet et al. 2014) or between
beneficiaries (Martin-Lopez et al. 2012).

Following the general use in literature the relationships of ES pairs can be categorized into “trade-
off” (one service increase while another one decrease), “synergy” (both services increase or

decrease together) and “no-effect” (Jopke, 2015, Vallet, 2018).

In many cases, the study of the relationships involved the assumption of a linear correlation
between ESs (Raudsepp-Hearne et al. 2010, Vallet et al. 2018) while they were trying to assess
landscapes as areas which consist of bundles of services. In opposite direction Koch et al. 2009
demonstrated the absence of a linearity between ESs. Therefore, the discussion around
relationships between ESs is still very much open and further study will be surely contribute to
define the relevant indicators, the biophysical processes, and to examine the interconnection among

them, and even their relationships across scales.

Recent studies (Sweeney et al., 2004; Daily et al., 2009; Polasky et al., 2011) have identified the
upstream and downstream relationship on some of ESS confirming how consequences and causes
of the same stress can define different pressure locations when land use change transformation
occurs. It is clear that understanding the interaction of all these spatial and temporal complexities is
essential to define the trade-off and identify the drivers in order to find solutions for adaptive
capacity and regional vulnerability (Lindner et al. 2010). Moreover, this challenge represents the
main goal to locate whether and where the woodland can be moved helping the effective

management practice (Rodriguez et al. 2006; Bennet et al., 2009; Garcia-Gonzalo et al., 2015).

In the forestry sector, the conservation and protected areas became a primary need to continue to
deliver the ESS as the correlation assessment show direct relationship between designations and
multiple services such as water purification, carbon sequestration, and crop pollination (Naidoo at
al., 2008) yet it has been demonstrated that protected sites deliver overall higher levels of ESS than

non-protected sites (Eastwood et al., 2016). These outcomes highlight even more the importance of
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ESS if we consider that some of the benefits are addressed even outside the borders of the areas of
protection and conservation. According to many authors (Naidoo et al., 2006, Turner et al., 2010),
it is important that woodland management consider potential corridors for improving connectivity
through a landscape ecological prospective emphasizing the biodiversity retention and reducing the
fragmentation of the habitat (Merendeler et al., 1998; Van der Horst & Gimona., 2005, Gimona et
al., 2015). Because the location and the extent of afforestation could be detrimental or beneficial,
spatial analysis is an essential tool for minimizing conflicts and maximizing synergies, therefore
spatial targeting for decision making requires a definition of the appropriate ES scale (Swetnam et

al., 2011) and level of knowledge.

2.3 The importance of stakeholders and the participatory
approach

Similarly, if the planning process need a deep understanding of the interaction between ESs and the
formulation of options to consider the consequence of the landscape strategies, a significant
contribution to narrow the appropriate conservation program can arrive from the stakeholders.
Their participation and transparency in prioritizing the target ecosystems and services aim to focus
attention on what is important for different sectoral interests, such as conservationist (Logsdon et
al., 2015; Ujhazy et al., 2020), local users (Palacios-Agundez et al., 2014), businesses (Houdet et
al., 2012; Zucchella et al., 2019), and tourism (Brown and Weber, 2012; Pomeroy and Douvere,
2008). In South Carolina, USA, Ureta et al., 2020, resident of the state became aware that the forest
ecosystem's direct linkage to water-related ecosystem services, therefore, they opt to choose to
conserve the ecosystem that also enhances water quality as their primary priority ecosystem
service. Thus, in planning for conservation interventions, transdisciplinary methods that integrate
collective social opinion with biophysical angles can foster a wide consensus among all the
stakeholders involved. Following the argumentation, multiple studies have been undertaken in the
direction of mapping different ecosystem services interest, perception and knowledge linked with
different stakeholder profiles (Garcia-Nieto et al., 2015) and spatial scale difference (Hein et al.,
2006) using workshops (Palomo et al., 2011), questionnaires (Martin-Lopez et al., 2012) or
interviews (Klain and Chan, 2012).
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2.4 Tools for modelling ecosystems and services

2.4.1 Geographic Information Systems (GIS)

The modern concept of landscape ecology has developed in the last few decades following the
growing trend of technological application and solutions such as geographical information systems
(GIS) and remote sensing (RS). Is largely recognised that a combination and integration of these
technologies brought a substantial revolution in the ecological studies offering numerous
advantages in data collection, modelling, result analysis and visualization (Longley et al., 2005;
Steiniger and Hay, 2009). In a structure as heterogenous as an ecosystem it is particular appealing
the use of technologies that can pragmatically represent biological and physical processes, linked
in practice with their ecological dimension. Therefore, representing all these complexities in
different spatial explicit levels is strategic and recently become a regular proceeding (Singh et al.,

2010).

GIS are nowadays fully embedded in the ecological studies and represent a fundamental tool to
manage data over a wide range of spatial and temporal scales and create the platform to bridge
landscape spatial structure and statistical and mathematical models. A platform that can handle a
huge quantity of data such a GIS requires from research institutes and academies to migrate parts
of big-data analysis into “the cloud” computing (Salt et. Al., 2018). High Performance Computing
via shared pools of configurable machines become important to research because of its accessibility
and potentially lower infrastructure requirements and costs. Some software and applications are
already ideally suited to take advantage of this computing development, in particular those with
perfectly parallel processing. Salt et al., 2018 at The James Hutton Institute, demonstrated that the
technology and tools exist to automate the running of computationally-intensive modelling tasks.
Utilising cloud computing infrastructure as a service permits to tackle large datasets, distributed
over many computations on a need-by-need basis. This approach is extremely scalable; it allows
substantial reduction in computation time when modelling large areas and enhances the
reproducibility of results, hence is extremely suitable to macro-ecological studies to understand
environment and species richness, habitat and species transitions and losses, landscape level

solutions to adaptation and mitigation strategies to global climate change.
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Finally, 3D GIS technique recently became a useful branch of research studies to promote the
development of landscape ecology and visualize specific results and future landscape options.
These challenges were explored with a case study of virtual forest landscape in the Cairngorms
National Park (CNP) which was used to test preferences for scenarios of future woodland
expansion (Wang et al., 2020). Audience feedback suggested that the enhancement of user
interaction through VR has potential implications for the planning of future woodland to increase

the effectiveness of their use and contribution to wider sustainable ecosystems.

2.4.2 Generalized Additive Models (GAMS)

The use of GIS tools in ecology and the parallel increasing application of advancedstatistical
techniques contributes to construct predictive habitat distribution models. Accessibility to
modelling gained success and momentum since start to investigate the implication of land use
change on the distribution of flora and fauna connecting the geographical abundance of species
with the landscape characteristics (Guisan and Theurillat, 2000; Mourell and Ezcurra, 1996). The
variety of these models have grown exponentially since a wide range of application started from
biogeography (Bohm and Popescu, 2016), to climate change research (Alexander et al., 2018), and
even habitat or species management is represented with very specific model design to simulate
plant communities (Yee et al., 1991; Bolker eta al., 2003; Brzeziecki et al., 1993), aquatic plants
(Vis et al., 2003; Lehmann et al., 1997), fish (Olden et al., 2002; Oberdorff et al., 2001), and
terrestrial species richness (Elith et al., 2009; Berry eta al., 2003).

Surely statistical consideration “a priori” should drive the orientation of the method for
implementing while conceptual considerations link the trade-off between generality, reality and
precision forged by Levins, 1966 where only two out of three model properties can be
simultaneously improved. Since the introduction of its generalized form, linear regression (GLM)
evolved allowing that response follow any distribution from exponential family (e.g. Gaussian,
binomial, Poisson and gamma). A locally weighted extension of GML is the Generalized Additive
Model (GAM) in which part of the linear predictor is specified in terms of a sum of smooth
functions of predictor variables (Wood, 2006). While methods have been introduced for testing the
accuracy of predictive models (e.g. bootstrap, cross-validation), GAM approach enables the use of

more complex models for the “random effect” component of data, thereby improving our ability to
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model correlated data. Given that the applied modelling involves using computer programs, gam()
functions have been developed as packages in the years for both licenced and free available

software. R is one of such software currently available at https://www.r-project.org, it runs under a

variety of platforms, and has MGCV packages (Wood, 2000) for the use of gam() function.
Although R was born exclusively to be use as a statistical framework, it is undergoing an object-
oriented transition integrating statistical and spatial analysis. Over the last twenty years, ecologists
realized that the explained component in the spatial dependence of ecological process (King et al.,
2004; Reich et al., 2004). is quite high, and the availability of computer hardware and software

have been considered equally important as examining the spatial relationships of these process.

2.4.3 Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST)

Ecosystem services modelling is fundamental to identify priority areas of intervention and can
anticipate consequences of changes made to ecosystems (Vigerstol and Aukema, 2011). Among
some of the emerging tools for quantifying ES are the Multi-scale Integrated Model of Ecosystem
Services (MIMES), the ARtificial Intelligence for Ecosystem Services (ARIES), the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST), CoS$ting Nature, and the
reconceptualized application of the Soil and Water Assessment Tool (SWAT) (Boumans et al.,
2015; Gomez-Baggethun et al., 2014; Bagstad et al., 2013a; Sharp et al., 2015, Mulligan et al.,
2010; Arnold and Fohrer, 2005). The majority of these tools requires different inputs and
parametrization of the underlying biophysical models however, they find shared fields in
simulating the effect of land management over natural systems. IN'VEST framework is a modular
modelling tool elaborated by Natural Capital Project and used worldwide from large to local level

able to valuated a considerably number of ES simultaneously.

Recently the model has been used and tested on future-oriented land use change (Nelson et al.,
2009) to address policy actions(Lawler at al., 2014) and devise payment schemes (Daily et al.,
2009), management actions (Goldstein et al., 2012) and future initiatives (Guerry et al., 2012).
Globally, InVEST is one of the most used tools to assess multiple ES and has been used on a wide
range of landscape pattern and ecological question such as hydrological service in Spain (Terrado
et al., 2014), pollination service in Czech Republic (Zulian et al., 2013), to infer land degradation
in Ethiopian Great Rift Valley (Cerretelli et al., 2018) and biodiversity in Costa Rica (Vallet et al.,


https://www.r-project.org/
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2016). The wide range of uses of INVEST tool is due to its simplified approach however, some of
the most used terrestrial modules such as Sediment and Nitrogen retention also have some
limitation that might affect the results.These processesare particularly sensitive to the land use
considered and substantial error could be introduced when using global land use/cover maps that
do not resolve local details (Cerretelli et al., 2018), therefore high detailed dataset and good
quantity of time dedicated in parametrizing models and verify its sensitivity, are crucial in defining
strategies for ESs. Nevertheless, modules like Water Yield, that form the basis of the Sediment and
Nutrient retention models, can produce accurate estimates of water yield in the UK river

catchments (Redhead et al., 2016) and the values used are transferrable to other UK catchments.

2.4.4 Circuitscape

Forest commodities on an international market are predicted to be under pressure in the future due
to the increasing global demand and economic globalization, therefore habitat diversity and
network linked to these global drivers seems to follow the same trend (Nabuurs et al., 2007). It is
highly recommended to avoid habitat destruction that can lead to resistance to dispersal of
woodland species and prevent the vulnerability of these ecosystems (Wright et al., 2006; (Merriam,
1984; Sutcliffe and Thomas, 1996; Bruinderink et al., 2003). It is therefore crucial to expand and

maintain a good woodland network given the future climate and land use projections.

A fragmented landscape, trims the movement and dispersal capacity cascading affects species
resilience and persistence (Etienne et al., 2003). However, if ecological corridors have the potential
to reduce isolation and fragmentation between habitat (Vermeulen, 1994; Charrier et al., 1997;
Clergeau and Burel, 1997) increasing biodiversity, conversely, the forest system can trade-off with
other service, facilitating the spread of pathogenic tree disease leading to change in forest
composition (Brown and Webber, 2008), or a corridor for one species may act as a barrier for
another (Fjellstad, 1998; Mauremooto et al., 1995). A recent study in UK have demonstrated how
important to integrate and consider tree disease management with the ecological requirements of
red squirrel suggesting that in Sitka spruce dominated forests, a presence of approximately 20% of
other conifers, such as pine species or larch, is recommended to ensure a more dependable seed
food supply (Shuttleworth et al., 2012). Thus, landscape connectivity affects various ecological

process and modelling became a regular method to measure its role. Simple approach such as the
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“least-cost” pathway for years was the basis of minimum cumulative resistance model applied to
ecological species and habitat studies to simulate the efficiency of the landscape as a function of
the distance travelled and the costs traversed (Stevenson-Holt eta al., 2014; Watts et al., 2010;
Pliscoff et al., 2020; Marrotte et al., 2017). It is nonetheless that scholars have found a new
efficient approach based on “circuit theory” to define functional connectivity and the impact of
land use change establishing new ecological corridors. This new method has been recognised to
offer multiple advantages in: 1) accounting for multiple dispersal pathways; i1) showing the degree
of redundancy; iii) predicting movement patterns and fates of random walkers in complex

landscapes (McRae et al., 2008; Gimona et al., 2012).

2.5 Integrated spatially explicit models

Although the EU Biodiversity Strategy 2020 requires from the Member States an assessment of the
ESs (EC, 2011; Maes et al., 2013, 2014), a standardized approach still seems to be lacking for
woodland expansion assessment. As long as land management increases in public attention, its
importance, complexity, and request of transparency from decision processes is needed. Within the
consultation in the informative process the demand to integrate very heterogeneous data arised. For
instance, using ES approach and the multiple dimension of them may lead to the integration of bio-
physical measures with subjective opinions, rather than GIS datasets and model simulation. This
integration in the context of woodland management, has been used by multiple studies (Yousefpour
and Hanewinkel, 2009; Cademus et al., 2014; Temperli et al., 2012; Kaspar et al., 2015). Methods
have been proposed for modelling potential timber production (Allison et al., 1994; Bateman and
Lovett, 1998) for recreational activities (Bateman et al., 1999; Tenerelli et al., 2016) and carbon
sequestration (Seidl et al., 2007, Bottalico et al., 2016) integrating drivers of land use and climate
changes. Although an holistic approach has led to great discoveries and remarkable progression in
the integration of natural and human component to create sustainable solutions, further effort is still
needed to blend and consider simultaneously the spatial dimension and human perceptions of the

same ecosystem.

The spatial dimension of ES is a key issue for stakeholders since they are more interested to know
““where’’ to implement planning than ‘‘why’’. Usually, they have clear ideas of local and regional

problems, but they need operational and spatial solutions (Fiirst et al., 2014). Therefore, integrated
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methodologies and tools—such as Multicriteria Decision Analysis (MCDA) method provide
unique and useful solutions in facilitating the work of decision makers. Exploring the balance
between the pros and cons can be tricky for the quantity of information to consider. Here, GIS and
MCDA provide the efficiency to visualize multiple information illustrating the per-formance of
alternatives across criteria, exploring trade-offs, formulating a decision and testing its robustness.
GIS-based and MCDA examples have been widely applied in the definition of the land suitability
for recreation (Miller et al., 1998), for animal and plant species (Store and Kangas, 2001),
geological risk (Pradhan and Lee, 2010), zoning for conservation (Genetti et al., 2008), urban
planning (Dai et al., 2001), renewable energy assessment (Polatidis eta al., 2006), and regional

planning (Bailey at al., 2006).

2.6 Summary

Land management is defined by the presence of human activities, that affects the biotic and abiotic
component of the landscape (Van Oudenhoven et al., 2012). The introduction of the ecosystem
service concept in land management has shown that these elements are not separate entities, but
rather interlocked components of a shared structure. Therefore, it is important that managers and
policy makers recognise this complexity and make an effort to manage an area so that ecological
services and biological resources are conserved, while sustaining human use, in other words, try to
effective deliver a multifunctional forest. There is indeed proof of substantial ecological, social and
economic benefits when the research of multifunctionality is prioritised in the forest planning
process and when the sustainable use of ecosystems can generate a “win-win situation” (De Groot

et al, 2012).

The review of multifunctional concept has led to the identification of appropriate set of indicators
(criteria) for planning (Bibby, 1998) that are crucial in the management of conservation areas.
Particularly, in forest context this selection exercise have to narrow criteria at landscape scale, and
prioritize the part of landscape that has potential for afforestation according with existing
understory. definition and criteria for the concept of multifunctional forest management in a

modern context.

Furthermore, the definition of key criteria to outline multifunctionality, tools, methods and

participants are considered equally important and should receive similar attention, especially when
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land suitability is the final outcome and the level of complexity between function s increases. (Fig.

2.2).

Finally, it can be highlighted that, in many cases, forest managements which accentuate the
economic return such as the intensification of productivity for timber production can have a

negative effect on other services. Bennet et al., 2009 have highlighted the difficulties to

sustainability Policy
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. Ecosystem service value
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Figure 2.2. Scheme to highlight the difficulty to define a clear list of policy options when interaction between

ecosystem complexity (number of functions) and sustainable decision making process increases.

simultaneously produce multiple, positive ecosystem services by the forest, due to the trade-offs
among different, or even competing functions; optimisation of one service may cause substantial
declines in other services. There is therefore a need to develop and test approaches to the

quantification of realistic options between multiple forest ecosystem services.
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Chapter 3 - Study area, drivers and barriers of change
3

3.1 The Cairngorms National Park

Cairn Gorm, meaning Blue or Green Hill in Gaelic, is the sixth highest mountain in Britain, and
gives its name to the whole surrounding area above 600m in altitude located in the northeast of
Scotland, despite neither the highest nor the most prominent mountain in the range. Cairngorms
National Park (CNP) was established in 2003, at the time already the UK’s largest National Park
and expanded into Perth & Kinross council in 2010. The CNP (Fig 3.1), previously 3,800 sq km
now covers 4,528 sq km and is twice the size of the Lake District National Park and the Loch
Lomond and the Trossachs National Park. It is now home to over 18,000 people. Here tourism
makes up abut 80% of the economy with 9 millions visitors recorded in 2018 (ST, 2019). However,

the top 5 positions in distinctive industries list are mostly occupied by forestry (CNP, 2013).

To Forros
X X

L7 To Humly

i N\ U g Y

fex ans® O L TSI AN To Aord
s i \"\I i 1? o g

- L
{ _.'\?.\ B ‘t__.

Figure 3.1. Map of the Cairngorms National Park (Dinnie et al., 2012)
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The reason of this attraction is due to its ionic landscape and habitat richness, where forest occupy
a big portion. Existing woodlands are in fact home to the last remaining stronghold of the
Capercaillie (Tetrao urogallus) and an incredible diversity of other flora and fauna. Within the
Cairngorms parkland there is ample space to create more forests and woodlands enhancing the
habitat network. This newly forest could therefore have substantial impact on the recreation, water

quality, natural flood management functions while increasing the strength of the forestry industry.

3.2 Bio-physical characteristics

The park has a large highland plateau which is separated by the surrounding uplands by the valleys
of the Dee and the Spey (Brown and Clapperton, 2002) and is categorised as a “protected
landscape” with development limited within its borders. Its altitude varies from the top of Ben

Macdui (1309m) to the lowest point along the Dee river (134m) in the proximity of Dinnet.

The plateau mentioned above was formed by a granite pluton intruded during the Devonian
geological period (425Myr) into Caledonian metamorphosed sedimentary rocks which form the
generally lower in altitude areas of the park. Glacial erosion in the Cairngorms has been confined
mainly to the deepening and extension of pre-glacial valleys and the formation of corries in valley
heads. The history of glacier ice cover in the Cairngorms suggests that three contrasting relief-
forming environments operated in the recent geological past and have mainly contributed to define
the landforms currently present in the areas (Hall et al., 2013) while the progressive erosion along
structural lineaments (lines of weakness in the underlying geology such as faults, joints and fold
axes) produces troughs incised into the landscape now recognised in the valleys (Brice et al.,

1998).

The resulting shape is a landscape dominated in the majority by large river valley bordered by
gentle hill slopes accidentally featured by sharper landforms. Soil formation and properties are the
direct result of superficial deposits and the underlying geology which can be divided to three main
zones. Podzolic soils are well represented (50%) in the CNP and are mostly confined to the
lowlands, succeeded by subalpine soils (18%) above 550 metres altitude and peat soils where
conditions are wetter and poorly-drained (13%) while mineral soils are scattered throughout the
park (4%). Eight Sites of Special Scientific Interest (SSSI) in the Park are considered to have soils

of international importance, and 12 have soils of national importance (CNPA, 2006c¢).
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Summers are mostly cool within the Cairngorms area, with an average range of temperature
between 8.1 and 15°C recorded in the period of 1980-1998. In winter, average mean monthly
temperatures can vary from 3.7 to 2.5°C. Frosting event are common. Mean Annual precipitation
ranges from up to 2250 mm within the Cairngorms to as much as 900 mm within the northern
valley. Average annual number of days with lying snow varies ~60 days in the lowlands to 200

days in the summits. Prevailing winds direction in the Cairngorms are from south-west (CNPA,

2006a).

In this particular physical geographic context the flora and the fauna of the Cairngorms developed
in accordance with the complexity of the landscape. This natural zonation mostly due to the
altitude, is characterized by low nutrient tolerant plant communities and a diverse quantity of
habitats as described in the Cairngorms Biodiversity Action Plan (CP 2002), which groups the
habitats into four classes: farmland and grassland, montane, heath and bogland, wetland and water,

and woodland.

The Cairngorms Massif offers extensive areas of artic-boreal healths, sedge and rush heaths, and
moss heaths. This montane habitats and the passage with the sub-montane zone is often blurred and
identified as a transition zone. Widespread artic alpine species here are the typical dominating
communities. Where soils become more acidic the habitat migrates to acid grassland communities
where the form of the vegetation is dominated by grasses and herbs on a range of lime-deficient
soils. Such soils, usually have low base status, with a pH of less than 5.5. This habitat type includes
a range of types from open communities in the lowlands, through closed pastures, to damp acidic
grasslands on gleys and shallow peat (Jackson,2000). While a number of rare species grow on the
sharp spurs of the cliffs (e.g. alpine saxifrage, Highland saxifrage), in the glen underneath a usually
rich patches of forest (Tab 1) have developed over 16.5% of the total Cairngorms area. Within the
park 81% of the area of tree cover is coniferous with three quarters of that being native Scots pine
(60%). By far the most dominant broadleaf species is birch (16%) with other species, eg rowan and

aspen making up only 3% of the tree cover.
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Total area (ha)

Total area (%)

Total volume (K m*)

Scots pine 36,900 60 7,204
Sitka spruce 5,600 9 1,843
Lodgepole pine 300 5 743
Larches 2,600 4 64
Other conifers 1,600 3 552
All conifers 49,800 81 11,040
Birch 10,200 16 858
Other broadleaves 1,900 3 220
All broadleaves 12,100 19 1,082
All species 62,300 100 12,126

Table 3.1. Estimation of forest cover (area and volume) in the Cairngorms National Park (National Forest Inventory,

2015)

CNP’s forests are the remarkable highlight of the scenic landscape. The distinctiveness of these
forests is defined by their exceptional height and the high proportion of native tree species they
contain (commercial forest are predominantly Scots pine). These forests represents the core of the
native pinewoods and are of great antiquity. Roughly 13,258 hectares are documented by the
Forestry Commission’s Caledonian Pinewood Inventory and these sites are considered the residual
part of the original Caledonian pine forest, a community of ancient Scots pine, birch and juniper.
Despite their mostly high-altitude distribution, the Native pine woodlands often are located on
lithologies with strongly leached podzolic soils and support a very highly specialized selection of
plants and animals (with 16-20 breeding bird species) rather than a highly distinctive species
abundance (Lust at al., 2001). Finally Summers et al., 1995 state that no mammal species were
associated with Scots pine in Britain. However, Mason 2000 claim that patches of planted Scots

pine of ca. 500 trees/ha, can facilitate free movement of red the squirrel.
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Oak and Birch are, on the other hand, the dominant type of broadleaved woodland in the
Cairngorms but still quite uncommon. If most of the pine woodlands are located along the glen of
Spey (north), the majority of deciduous trees are found in the south and east of the CNP, along the
Deeside, and in the Angus Glens. Most broadleaved woodlands are highly dominated by downy
and silver birch and are supported by wet soils. The high quantity of deadwood and the
fragmentation and the configuration of the landscape (mosaic of woodland and open space) provide
the general condition to sustain the appropriate habitats. The number of specialized flora and fauna
species associated with birch is higher than for other tree species in Europe (Branquart et al., 2005),

while oak has been associated with 2300 different species (Mitchell et al., 2019).

Plantation in the CNP also has the potential to maintain some wildlife but are subject to
silvicultural system whose prevailing management approach is clearfelling with artificial

regeneration and a rotation age of ~60-80 years (Mason et al., 2007).

3.3 Ownership and landholding

There are over 150 different land-holdings in the ranging in size from less than 100 hectares to over
40,000 hectares and up to 75% of these are private ownership while the remaining land is divided
between Charitable conservation bodies, such as Mar Lodge Estate in Deeside and Abernethy
Estate in Strathspey, and Government Agencies, as The Forestry Commission, Scottish Natural
Heritage and Highlands & Islands Enterprise. (CNPA, Estate Management). Since the Neolithic
period, Cairngorms area was deeply modified by modern introduction of pastoralism and the
development of larger the settlements such as Grantown-on-Spey and Ballater. Today the main
land use is sheep farming and, to a lesser extent, cattle farming. Only since the 60’s coniferous

forestry become important (MacMorran, 2008).

The Scottish debate around private land and how this has been managed, became quite intense and
controversial in the last years, with various attempts by private shooting estates that, by managing
their game for sustainable harvests, to claim that they are practicing conservation of a sort (Adams,
2012). Conflict emerged after several organisations pushed Cairngorms National Parks Authority
to address the problems associated with grouse moors: destruction of habitats, destruction of the
landscape, destruction of wildlife and destruction of the rural population. (Kempe, 2016).

Gamekeepers burn patches of heather in rotation to provide a mixture of areas, with young shoots
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suitable as food for red grouse and older heather that provides cover, they also kill predators of red
grouse and their eggs, while birds of prey are illegally shot, trapped or poisoned on many grouse
moors (Etheridge, Summers & Green 1997; Potts 1998; Green & Etheridge 1999). Moreover, on
occasions when CNPA have tried in the past to stand up against the “self-management” of the
landscape as a means to be used to support field sports, private estates have held a strict position,
and the resulting controversy needed to be solved by the intervention of the Scottish Government
(SG, 2020). In this crossfire between conservationist and landowner the real loser seems to be the
public domain that now needs to pay through incentives schemes to restore wildlife. In this sense,
the citizen who has seen tax rises over the last 10 years might ask “for whom incentives and for
what reason”. However, if the fact that half of Scotland is owned by just 500 people has been
revealed (Wighman, 2018) the names on the individual pieces of the mosaic are still missing and

the question: “who own Scotland?” remains unanswered.

Wighman, 2013 shows that 750,000 acres of Scotland is registered in tax havens posing problems
for law enforcement and tax authorities. However, public representative like Minister for Energy,
Enterprise and Tourism rejected proposals to reveal the beneficial owners of companies that own
land (Scottish Parliament, 2012) - although the Government were eventually persuaded to do so in
the Land Reform (Scotland) Act 2016 (Combe, 2016) — it is easy to understand the seriousness of |

think strategy the discussion around ownership.

3.4 National policy context and spatial planning in Scottish
forestry.

There is a notable number of strategy and policy documents of national and devolved governments
in the UK that strengthens the forestry benefits (Scottish Executive, 2006, Scottish Government,
2009, Department for Environment Food and Rural Affairs, 2013; Department of Agriculture, Food
and the Marine (DAFM), 2014). Additionally, the Scottish Biodiversity Strategy and the Scottish
Forestry Strategy (Forestry Commission Scotland, 2006, Mclntosh, 2006) have narrowed the path
to ‘progressive forward-looking strategies’ for woodland restoration (Hobb, 2009), while the Land
Use Strategy engages the ecosystem approach and aims at adaptation to climate change. The north-
east of Scotland case study from Mufoz et al., 2015 summarized very well the synergies and

conflicts between the woodland expansion plans and the numerous attempts to deliver a woodland
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multifunctionality. While this multifunctionality remains the main challenge of the national agenda
a very strong alignment of the national planning context with the climate change target exist.
Mufioz et al., 2015 analyse the way that the forest development entrusts the management to land
managers (private and public) while coordination and monitoring is carried by planning authorities,
and argue that coordination between policies and planning is not sufficient. Implementation of land
use changes largely relies on the intentions of farmers and land owners to convert their land into a
woodland and agree with the policy recommendations. Spatial explicit approaches have been
applied as an attempt to deliver a more functional woodland in Scotland through project as ‘the
right trees in the right places’ (Forestry Commission Scotland, 2010a) and ‘The forest of
Cairngorms’ (CNPA, 2008) within the CNP. Despite these attempts, Mufioz et al., 2015 observed
that in the recent years forest cover declined while (Scottish Government, 2013) the current
planting rates are insufficient to meet the goal-oriented aspirations for forest expansion. Therefore,
in a context where changes in land use systems, and so the delivery of the public good, are resolved
by who owns and manages the land, technical guidance for planning needs to clear up
inconsistencies between policies and planning actors and instruments. This paradigm of land use
change is strongly connected with the presence of economic, social, physical-environmental and
operational factors that influence woodland creation on private land (Thomas et al,. 2015) while
woodland targets encouraged by various grant schemes, with over £0.5 billion paid in grants from
2005-6 to 2014—15 within England, Scotland and Wales (Forestry Commission, 2015), are still
underachieved due to insufficient incentives (Burton, 2004). Moreover, afforestation on farms is
framed as balance to the ongoing productivist orientation of farmers: most farmers prefer not to
afforest, and if they do afforest, prefer to do so on poorer quality land (Hopkins et al., 2017).

In 2018 the Cairngorms National Park have released the its own Forestry Strategy (CNPA, 2018) in
which the aspiration to enhance habitats on a landscape scale is strengthened addressing climate
change, timber, access and health, environmental quality, business development, community
development, and biodiversity. The guideline is driven also by key policy documents like
Cairngorms Nature Action Plan (CNPA, 2019a), Active Cairngorms (CNPA, 2015), the
Cairngorms Economic Strategy (CNPA, 2019b), Local Development Strategy and the Local
Development Plan and aims to strengthen a forest habitat network between Spey, Dee and Tay
river catchments in order to enhance migration and colonization of woodland species and, deliver

multiple benefits. Despite some skepticism about planning for woodland expansion at national
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level (Sutherland et al., 2006), the Cairngorms Forestry Strategy 2018 seems to have searched for
a solution that considers space, the biophysical and built components of the environment. However,
such frameworks risk becoming ineffective in the resolution of trade-offs because they are based
on data that do not totally consider multifunctionality (Native Woodland Model, 2004). Therefore,
to successfully implement such an ambitious plan, spatially explicit, integrated approaches are
needed. Some examples of good practice which adopted the Ecosystem approach and operating to
local level (Baggio Compagnucci et al., 2015, Castellazzi et al., 2016, Gimona et al., 2016) have
been considered rewarding by the policy actors.

In the following chapter the dynamics of the potential carbon sequestration by the trees in Scotland
is discussed throughout a paper which is currently under submission. The double intention is to use
the carbon sequestration service as the overarching component of the multi-criteria analysis applied
to the Cairngorms National Park where soil and trees are treated as part of the same system and
incorporating the attempt to resolve the debate of how much trees can contribute to reach net-zero

emission national target into the local objectives.
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Abstract

The reduction of GHG emissions is a key policy commitment of the countries that signed the 2015
Paris Agreement. In the land sector, woodland expansion is often considered an important means to
contribute to this commitment, through offsetting emissions. In response, the UK and the Scottish
Governments have initiated a substantial programme of woodland expansion. To assess the
potential contribution of woodlands in Scotland we estimated the potential for net carbon storage in
the landscape, accounting for the interactions between climate, soil-related factors and planting
practices. We present detailed spatial results for where in Scotland woodland expansion would be
likely to result in overall carbon gains, accounting for the spatial variability of timber yield classes (YC)
as well as present and future climate (RCP 8.5). The results provide a precautionary lower limit for the
net carbon storage expected, that may help to minimise the risk to afforest in unsuitable locations.
We show that, while there is a large amount of land that can potentially achieve net carbon storage
through afforestation, especially in the lowlands, this often does not apply to the uplands. Soil type
and the intensity of soil-disturbing resulted crucial in determining whether the modelled net carbon
storage over the next decades is likely to be positive. Upland ecosystems, whose soils are rich in
carbon, resulted vulnerable to loss, particularly with intensive commercial planting practices. While
the prevalence of mineral soils in the lowlands makes them a safer option, it also exposes these areas
to potential conflicts with agricultural activities. Compared to the global UK carbon footprint, the
magnitude of the offset obtained in 30 years — if afforestation goals are reached —is likely to be lower
than 1% for the UK and around 12% of the total Scottish footprint. While this is valuable, and can
provide other multiple benefits, it reinforces the need to pursue a systemic approach that seeks
reductions in emissions in @ multitude of ways throughout all sectors.
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4.1 Introduction

The reduction of GHG emissions is a key policy commitment of the signatories of the Paris
Agreement (UNFCC, 2015). This entails reductions in all sectors of the economy through
Nationally Determined Contributions (NDCs, e.g. Pauw and Klein, 2020). According to The IPCC
Climate Change and Land Report (IPCC, 2019) to limit the global temperature increase to 1.5°C,
the land-use sector needs to contribute to decarbonising the economy and offsetting remaining

emissions.

Forests worldwide have the potential to play an important role in the mitigation of climate change
by acting as a sink that can offset some of the human GHG emissions (e.g. Andregg et al., 2020;
Bastin et al., 2019). Forest planting is therefore encouraged through numerous initiatives, such as

the Trillion Trees Initiative, a joint venture of BirdLife International, Wildlife Conservation

Society and World Wide Fund for Nature. However, trees are not necessarily a silver bullet (e.g.
Holl and Brancalion, 2020) and can sometimes cause large trade-offs, e.g. through GHG emissions
from ground preparation, or impacts on carbon sinks (Seymour, 2020). To reach the intended
mitigation effect, it is therefore important that implementation plans take into account local
ecological attributes, to ensure that the right tree is planted in the right place (e.g. Fady et al., 2021)
and undesirable trade-offs of afforestation are minimised.

To help meet the international commitments in the UK as a whole, and in Scotland in particular,
the land use sector’s climate policy comprises ambitions to expand woodlands from 18% to 21% of
Scotland's total land area by 2032, with 15,000 hectares of newly planted forest per year from
2024/25 (Scottish Government, 2018).

In planning such expansion soil attributes are of particular relevance, as the dynamics of soil
carbon are crucial for carbon storage (e.g. Hofmockel et al., 2011). It is known that the total
amount of carbon stored in soils is far higher than the amount stored in vegetation (Tarnocai et al.,
2009), and especially so in boreal ecosystems (e.g. Simola et al., 2012; Kochy, Hiederer, &
Freibauer, 2015), where plant growth and decomposition are often restricted by nutrient limitation
and climate. Consequently, it is important to minimise the release of soil carbon by new planting as
this reduces the net carbon captured and can undermine the effectiveness of new forests as carbon

sinks.


https://trilliontrees.org/home#:~:text=Trillion%20Trees%20is%20a%20joint,nature%20and%20a%20stable%20climate.
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Recent evidence from Scotland (Matthews et al., 2020; Frieggens et al. 2020) has also confirmed
that soil attributes are a key local variable in determining whether new woodlands are a net sink or
a net source of ecosystem carbon. The reason is that on organic or organo-mineral soils, tree
planting, especially with high soil-disturbing ground preparation methods (e.g. deep ploughing and
turfing) applied to large planted areas, can release more carbon than the trees are likely to
accumulate in the next 20+ years. Analysing a combination of species, their findings showed that
most of Scotland’s upland soils would be at risk of releasing carbon if planted with commonly used
mechanised methods (see also e.g. Vanguelova et al., 2018). This has significant implications for
the amount of land available for tree planting in Scotland and for the potential conflicts with other
land uses. In particular, if a large portion of the uplands were not suitable for mitigation, the
potential conflicts would mainly affect agricultural land in the lowlands, with higher opportunity

cost for agricultural uses.

While the Matthews et al., 2020 study makes an important advance in our understanding of the role
of afforestation on forest carbon potential, some key questions remain unanswered, which the
present paper aims to address. Matthews et al., 2020 assumed fixed “representative” timber yield
classes (rather low ones) for a number of species and limited their analysis to the present climate
and they also used coarser resolution soil carbon data than in the present study. By refining the
spatial and temporal dimension of the analysis, it becomes possible to highlight important
heterogeneities which may not have been detectable in the earlier study. If such spatial or temporal
heterogeneities were to exist, some areas previously deemed (in)appropriate for carbon storage
might be seen to be (un)suitable either now, or in the future, once climate change effects are taken
into account.

To address these research gaps, our study seeks to answer two key research questions: (i) where, in
Scotland, would tree planting be likely to result in overall carbon gain, accounting for the spatial
variability of timber yield classes? And (ii) whether climate change would alter the results we
obtained for the present.

We believe that our findings have important implications, not just for Scotland, but for boreal

ecosystems and carbon rich soil sinks across the globe.



How can woodland expansion help meet climate goals? Carbon net gains and
losses - the case of Scotland, UK 28

4.2 Methods

To address these research questions, we built statistical models (Figure 4.1) using terrain, climate
and soil variables to predict the yield class (YC) for eleven commonly used tree species (Table
4.1). YC is an index used in the UK of the potential productivity of even-aged stands of trees. It is
based on the maximum mean annual increment of cumulative timber volume achieved by a given
tree species growing on a given site and managed according to a standard management prescription

(Matthews et al., 2016).

Each of the eleven models predicts YC at each location in Scotland, with a spatial resolution of
250x250 m. Predictions were for the present and for one climate change scenario (RCP8.5), a
widely used emissions trajectory which assumes no mitigation (Ebi et al., 2014) using year 2050
and 2070 for which WorldClim 2.1 data were available, globally, it is also the trajectory followed
so far (Schwalm, et al., 2020).
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Fig. 4.1. Flowchart of the main steps of the proposed approach.

The predicted YC was then used to help define the quantity of carbon the growing tree biomass can
store at the two-time steps. The total carbon (aboveground and root biomass) stock capacity,
obtained through conversion factors, was then balanced with existing top-soil carbon content data
to calculate the carbon budget for three scenarios of ground preparation intensity. The modelling

was performed using R and GRASS-GIS software (R Core team 2020, Neteler et al 2012).
4.2.1 Estimation of the Yield Class

We focussed on the species in Table 1 as these are the most commonly planted in Scotland. We

used the Ecological Site Classification Decision Support System (ESC-DSS), accessible on-line at
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the Forest Research website (http:/www.forestdss.org.uk/geoforestdss/) to sample Forest yield

class at 618 locations distributed in Scotland.

To capture a range of climatic conditions that might not be present in Scotland now but could
emerge in the future, the sample was extended to the rest of UK with additional 353 sample
location using a stratified random sampling strategy (Fig. 4.2) to span the environmental conditions

found in the whole UK.

Growth model
Common Name Species code(1) Latin name Native
code(2)
Ash [AH] SAB Fraxinus excelsior | Yes
Common alder CAR SAB Alnus glutinosa Yes
Douglas fir DF DF Pseucilotiuga No
menziesii
Downy birch PBI SAB Betula pubescens Yes
Lodgepole pine [LP] LP Pinus contorta No
Pedunculate oak POK OK Quercus robur Yes
Scots pine SP SP Pinus sylvestris Yes
Sessile oak SOK OK Quercus petraea Yes
Silver birch SBI SAB Betula pendula Yes
Sitka spruce SS SS Picea sitchensis No
Wych elm WEM BE Ulmus glabra Yes

Table 4.1 List of the 11 species obtained from Ecological Site Classification and their Latin names. In brackets species

with pest or disease constraints in the UK. 1 In brackets species with pest or disease constraints in the UK.
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2 Growth model code of the species representing timber volume growth according to the Forest Yield Model (FYM)
(Matthews et al, 2016, see section 2.3), where SAB species include Sycamore-Ash-Birch, and common Alder, and BE

represents Beech which is the FYM growth pattern used for Wych elm.

4.2.2 Estimation of independent variables

4.2.2.1 Physical variables

For the same locations, physical variables such as altitude, slope and aspect were determined using

the Mapzen Terrain Service digital terrain model, accessed through the R function

get elevation raster (Hollister, J.W., Tarak Shah, 2017) along with accumulated temperature and

an indicator of wind exposure (DAMS score) from Forest Research ESC website.
4.2.2.2 Climate data

Along with the physical variables mentioned above we added climatic indicators as covariates. In
particular, we used WorldClim 2.1 (WC21) (Fick and Hijmans, 2017). This is a database of
spatially interpolated monthly climate data for global land areas at a very high spatial resolution
(30 arc-second in the WG S84 reference system - approximately 1 km?). This dataset also contains
‘bioclimatic variables’ derived from monthly patterns of temperature and precipitation. Present
climate data refer to “9000—60 000 weather stations over a temporal range of 1970-2000" .
WorldClim has been widely used in species distribution and ecological modelling (Macek. et al.,
2019, Poggio et al., 2018), including forestry (Schueler et al., 2014, Marchi et al., 2019) and
erosion (Panagos et al., 2017) and applied to hydrological and carbon assessment studies (Zomer et

al., 2006).

For future climate we used the WorldClim 2.1 projections based on the Coupled Model
Intercomparison Project 6 (CMIP6) (Eyring et al., 2016) for the time periods 2041-2060 and 2061-

2080. The Bioclimatic variables used are listed and described in Table 2.
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CODE DESCRIPTION UNIT
BIO1 Annual Mean Temperature °C
BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp) °C
BIO3 Isothermality (BIO2/BIO7) (x100) -
BIO4 Temperature Seasonality (standard deviation x100) -
BIOS Max Temperature of Warmest Month °C
BIO6 Min Temperature of Coldest Month °C
BIO7 Temperature Annual Range (BIO5-BIO6) °C
BIO8 Mean Temperature of Wettest Quarter °C
BIO9 Mean Temperature of Driest Quarter °C
BIO10 Mean Temperature of Warmest Quarter °C
BIO11 Mean Temperature of Coldest Quarter °C
BIO12 Annual Precipitation mm
BIO13 Precipitation of Wettest Month mm
BIO14 Precipitation of Driest Month mm
BIO15 Precipitation Seasonality (Coefficient of Variation) -
BIO16 Precipitation of Wettest Quarter mm
BIO17 Precipitation of Driest Quarter mm
BIO18 Precipitation of Warmest Quarter mm
BIO19 Precipitation of Coldest Quarter mm
AT Accumulated Temperature °C
SPR Standard Percentage Runoff (derived by HOST) %
DAMS The probability of damaging winds -
ELEVATION Mean elevation value m
ASPECT Mean aspect value radiants
X Longitude coordinate (British National Grid) m

Y Latitude coordinate (British National Grid) m

Table 4.2. Bioclimatic and biophysical variables used.

The use of RCP8.5 is also a precautionary choice to avoid path-dependent failure in mitigation due

to a potentially optimistic choice of emission trajectory, and leads to identification of ‘no-regret’

planting locations.

Data derived from the UK-Metoffice Global Climate Model (GSM) were not available in WC21,
we chose WC21 data derived from the French CNRM-CM6-1 (Voldoire et al., 2019). The latter is

a fully coupled atmosphere-ocean general circulation model of the sixth generation jointly
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developed by Centre National de Recherches Météorologiques (CNRM) and Cerfacs for the sixth
phase of the CMIP6.

Future mean values of the 19 variables (Table 4.2) were downloaded and the respective surfaces
were created for two time periods: 2041-2060 and 2061-2080. Each of these datasets is a multiple
band raster that needs to be split, reprojected and downscaled due to the difference in spatial
resolution of future dataset (2.5 arc-minutes) with climate baseline (30 arc-seconds). Several
authors (Wang et al., 2016, Navarro-Racines et al., 2020) have already demonstrated that the use of
relative changes in climate WorldClim data is possible and represents a rapid method (named the
delta method) for increasing GCM resolution to a finer scale, and that this technique is applicable
to ecosystem service studies (Poggio et al., 2018) and species distribution analysis (Wan et al.,

2016).

Once the phase of data preparation was complete, we sampled the covariate surfaces using the
coordinates of the 971 YC points mentioned above (Figure 4.2), located in Scotland, Wales and
England. Sampling beyond Scotland aimed to capture the current conditions in Britain based on
our assumption that the climate in the future will progressively migrate to the North, with Scotland

seeing a climate similar to that historically observed in the south of Britain.
4.2.2.3 Hydrology Of Soil Types (HOST) data

Because trees are sensitive to soil water conditions, we used the Hydrology of Soil Types (HOST)
data as indicators of water infiltration capacity (e.g. Boorman et al., 1995). This is a data set based
over 24 000 soil profiles. These attributes were determined by means of pedotransfer and expert
knowledge and used in the development of HOST. In this study we used the Standard Percentage
Runoff (SPR) parameter, which is estimated from the HOST class. This is the percentage of rainfall
that contributes to the increase in surface runoff. Point data corresponding to YC samples were
extracted from the continuous HOST geographic data base for Scotland (Lilly, 2010), whereas
point data for England and Wales were obtained from Cranfield University (LandIS, 2020).
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Fig. 4.2 Yield class and covariates sampling locations across the United Kingdom.

4.2.3 Modelling the Yield Class

The data set was split in a training and a validation set (70-30 %). The YC values at each location
in Figure 2 were modelled as a function of the independent variables (covariates) described above,

and summarised in Table 2.

A hybrid method was used by combining a Machine Learning algorithm, Random Forest (RF)
(Breiman, 2001) with Generalized Additive Models (GAM, Wood, 2017).

There are several examples of the spatial use of Generalized Additive Models (GAMs; Wood,
2004; 2017) to investigate linear and non-linear relationships in ecological studies (e.g., Poggio and

Gimona, 2014, Poggio and Gimona, 2015, Sinka et al., 2020).
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The randomForest R-package (Liaw and Wiener, 2002) (RF) was used to automate model selection
by estimating the importance of the covariates, while the GAM was used to estimate the trend of
the dependent variable, as a function of the selected covariates. GAMs offer a more flexible
approach than ordinary regression methods that allows modelling spatial autocorrelation through
smoothing procedures (e.g. Wood, 2006; Poggio and Gimona, 2017). We added a bidimensional
smoother of the coordinates for this purpose (see Wood., 2017). The fitted GAMs were validated

using the validation set.

The GAM models were then used to predict YC at non-sampled locations for the eleven species in
Scotland using the covariates. A set of three time-step predictions (2020, 2050 and 2070) was

therefore obtained for each species.

We applied a precautionary approach to minimise the risk of overestimating the tree carbon storage
potential (and therefore suitability for tree planting) at each location. We therefore calculated both
the lower end of the 95% confidence interval of the estimates and the median. The first (GAMLI),
was obtained by subtracting 1.960* standard error from the median. As a reminder, the median

(GAMME) is the 50th quantile of the predicted estimate distribution.
4.2.4 Timber growth and tree carbon sequestration models

Each YC is associated with a tree growth curve. Therefore, each cell in our raster of YC predictions
is also associated with a growth curve. Having predicted the potential YC volume (m’ of timber per
ha) at each location for all species of interest, we obtained estimates of the time-evolution of tree
biomass from the age-related timber production tables of the Forest Yield Model (FYM) (Matthews
et al., 2016). We applied the appropriate growth function derived from this source for each type of
species and management regime. Here, a non-thinning management regime is assumed. We used
the timber yield functions and carbon conversion factors estimated by Ovando (2020, see Appendix
F for details) for Sitka spruce, Douglas fir, Scots pine, Sycamore-Ash Birch (SAB), Beech, and
Oak species, and applied the same methodology to estimate Lodgepole pine growth and carbon
conversion factors (in some cases the same conversion factor is applied to more than one species,

see Appendix F for details).
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Timber yield is represented by non-linear functions per each type of species that depend on YC and
stand age. The timber yield predictions are based on historical observation used to construct FYM
timber production tables, and consequently may offer biased estimates of tree growth under

changing climatic conditions.

Final estimates for the YC for each species were corrected by adjusting the tree timber growth
curves using the mean of the predictions for 2020 and 2050, a process which we describe as
follows. Firstly, we assume that any of the future growth predictions based on historical
observations are likely to be inaccurate unless climate change is accounted for. Therefore,
whenever we predict the YC using bioclimatic variables of the past we need to account for the
concurring climate changes. For instance, at one particular location, a predicted YC index of 5 to
2020 for Pedunculate Oak might often have a higher (or lower) YC in 2050. Simply using the
timber yield curve developed for the period before 2020 (which assumed constant climate) will
lead to bias, since the YC curve for a given tree at a particular location is appropriate only for that
location at the moment of planting. This assumes constant climate, and needs to be corrected as
long as climatic conditions are changing. The adjustment is computed by taking the mean of the
two growth predictions, for 2020 and for 2050, obtained applying -respectively- the 2020 and 2050
YC growth curves. Therefore, for each species at each pixel we corrected the growth trend
projected for the future using a new growth curve that fits the middle point between the curves (see
Fig 6 for an illustration). The same procedure was repeated to correct estimates for 2070. This
adjustment technique returned bias-corrected future YC estimates for each species for 2050 and

2070.

It should be noted that most yield tables do not account for trees older than 150 years (and only 80
years in case of Douglas fir), therefore the volume prediction function, and all our analysis, are not
affected by this age-range limitation. All the carbon sequestration and stock estimates provided

here are for a maximum tree age of 50 years.

To translate timber volume into tree biomass and carbon stock in timber, branchwood and roots, we
further use species-specific conversion factors that relate timber volume to total carbon stock in
aboveground and root tree biomass (see Appendix F). Woodland soil debris carbon sequestration

was estimated considering the Woodland Carbon Code (WCC) look-up tables (West, 2018).
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Finally, at each location, we also mapped which species would be needed to obtain the highest tree

carbon storage (Appendix A).
4.3 Carbon balance

Net soil carbon gains/losses due to woodland planting and growth need to be carefully considered,
in view of potential GHG emissions due to soil disturbance during ground preparation, which are
significantly higher when mechanical ground preparation techniques and organo-mineral soils are
concerned (West, 2018). We estimated soil carbon stock up to 30 cm depth (topsoil) by averaging,
for robustness, two published national datasets (Aitkenhead and Coull, 2019; Poggio and Gimona,

2014).

We then reclassified a Topsoil Soil Organic Carbon map (Lilly et al., 2012) in mineral, organo-
mineral and organic soil following suggestion from map authors as mineral less than 12% of
carbon content, organo-mineral between 12 and 35%, and organic above 35% (Appendix C). We
then applied the percentage of carbon loss due to the disturbance level of ground preparation, as
suggested by West, 2018. Initial carbon soil released was elaborated for three ground preparation
intensity scenarios (i.e. methods): i) hand turfing and mounding (low), ii) ploughing (shallow
turfing) and scarifying, and hand turfing and mounding (medium) and iii) turfing or tine, using
double or single throw mouldboard plough (high). Carbon soil loss for each scenario (method)
above was then balanced with the gain from tree biomass growth (maximum potential of predicted
YC) estimated above, to show where trees would be able to offset the emission due to soil
disturbance. For space availability reasons, here we show only the results for 2050 and for the high
intensity scenario (HISCL), and a comparison map showing the (dis)agreement between the two
sets of GAM predictions namely GAMLI and GAMME. The rest of the results and any related
methodological clarification can be found in the supplementary material. This includes (Appendix

E) a comparison of afforestation using only commercial species vs only broadleaved native species.
4.4 Results

Figures 3-8 show results for the two example species (Sitka spruce and Pedunculate oak) of the
eleven tree species (details for all other species in Appendix A-D) listed in Table 1, for Scotland.

Sitka spruce was chosen because it is the highest-yielding commercial species, while Pedunculate
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Oak has the potential of relatively high carbon stocks among native species. These species were

also chosen by the UK Climate Change Committee (2020) to illustrate their afforestation scenarios.

4.4.1 Variables selection

The set of covariates in Figure 3 are the twelve most important variables explaining the distribution
of the two illustrative species. While the RF model selected different bioclimatic variables for each
of the N species, accumulated temperature (at) and SPR index (HOST classification) were always

ranked in the top five for importance.
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Figure 4.3. Random forest variable importance plots for Pedunculate Oak and Sitka spruce based on Mean Decrease in

Accuracy (MDA).

The cross validation recorded a R? of 0.472 and 0.692 and a RMSE of 1.23 and 3.28 for

Pedunculate oak and Sitka spruce, respectively.

4.4.2 Yield Class predictions

The GAM models using the covariates selected by RF had an adjusted R* of 0.812 and 0.739,
explaining 85% and 77.7% of the deviance, respectively, for Pedunculate oak and Sitka spruce. For
both species, most smoothing functions for the selected model indicate non-linear relationships are
appropriate. According to the model response curves YC seems not to be affected by elevation

until 550 m, falling off thereafter. The same is true of the dams score covariate which falls off only
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after a dams score of 18. Model assumptions were met, with normally distributed residuals centred
on zero, as shown by diagnostic plots (Figure 4.4) which did not indicate any concerning patterns,
except that the highest values of YC might be under-predicted (residuals vs linear predictor plots).
This is unlikely to affect our conclusions regarding suitability, as higher yields are known to occur

on mineral soils that are weakly affected by carbon release problems.
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Figure 4.4. Diagnostic plots for the GAM models forPedunculate Oak (left) and Sitka spruce (right).

Figure 5 shows the baseline (present) YC in the first map from the left, and the difference from the
baseline in the other two maps which refer to 2050 and 2070. Pedunculate oak has a generalised
positive trend of the YC between 2020 and 2070. The strongest changes characterized by a
remarkably higher potential YC - up to 6 classes higher than at present - are located in the south-
west and central parts of Scotland. Differences between 2020 and 2070 are less pronounced in the
north-east and the western islands. Future climatic trends seem to have no impact on the suitability
of Pedunculate oak trees in the whole of the north-west and centre as well as parts of the upland

areas in the south of Scotland characterized by very low YC potential.



How can woodland expansion help meet climate goals? Carbon net gains and
losses - the case of Scotland, UK 40

Pedunculatecak ESCPredict LI2020 Difference. 2050 with.baseline Difference. 2070 with.baseline

1

1000000

‘2800000

200000

TOooooo

800000

Sitkaspruce ESCPredict 12020 Difference. 2050 with.baseline Difference. 2070 . with.baselin 0
a4 e )
1000000 i!.‘.i"'
y 20
£l
200000 -
’Eﬁ' 10
sooo00 &
a
-
700000 -
-10
200000
-20

Figure 4.5. Baseline (2020, left map) and Yield Class differences from the baseline (2050 and 2070) using the lower
end of the 95% confidence interval of predictions (GAMLI) for Pedunculate oak (top) and Sitka spruce (bottom). Sitka
Spruce shows a varied pattern, with the highest decline in YC on the east coast but also potential increase in the

southern uplands and the west coast. The X and Y map axes are OS UK-grid coordinate values.
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4.4.3 Growth curve correction

The example in Fig. 6 illustrates the need for climate correction. It reproduces, for an hypothetical
grid cell, the passage from YCI1 (blue line) in 2020 to YCS8 (yellow line) in 2050, and the proposed
correction of the biomass values (red line), for Sitka spruce and Pedunculate oak. Assuming
constant climate, a hypothetical forest patch planted in 2020 would follow the blue line,
accumulating, after 5 years, 1.85 and 10.01 tCO,-eq/ha and 172.46 and 227.01 tCO»-eq/ha after 80
years, for Sitka spruce and Pedunculate oak respectively. Applying the growth curve for the
present YC (in blue) leads to a different conclusion than applying the climate-corrected growth
curve (red) regarding the difference in CO,-eq between the two species at that location, as
Pedunculate Oak is projected to benefit more from climate change in this case (this tendency is not
widespread everywhere, as other locations might see a decline compared to the constant climate
case). Using the corrected curves also potentially leads to different conclusions regarding the net
carbon storage potential at that site. Notably, in the long run, Pedunculate oak has the potential to
stock more carbon than Sitka spruce as hardwood usually have higher wood density than softwood,
so a projected growth for 2050 (yellow) has the potential to accumulate 896.95 and 1295.20 tCO -
eq/ha in 80 years-time for Sitka spruce and Pedunculate oak respectively, reversing the conclusion
coming from the assumption of a constant climate. Therefore, to avoid bias the climate-corrected
growth curve was used.
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Figure 4.6. Corrected growth curve (red) of biomass (tCO2-eq/ha) for Sitka spruce and Pedunculate oak. The red
curve passes through the middle point. The bottom blue curve is the one followed ignoring climate change (present
climate). The top yellow curve is the one followed assuming that a new YC (reached in 2050) applies instantaneously

from the present.
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4.4.4 Co2-equivalent stock maps

Fig. 7 shows the aggregated future YC across the eleven modelled species obtained using the
maximum of all YC layers corrected with the average growth curve technique (see 3.4). The two
temporal snapshots represent the maximum potential carbon storage in the case of planting the

most productive species at each location.
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Figure 4.7. The potential maximum carbon sequestration (C02-eq/ha) by tree biomass (timber, branchwood and roots)

for trees planted in 2021 in 2050 (left) and 2070 (right). Predictions using GAMLI (lower confidence interval).

The graphical representation of YC results above (Fig. 4.7) depicts, using different colours, the
CO»-eq per ha distribution for 2050 and 2070 according to the climate projections of the individual
species. The biomass stock was translated into the corresponding amount of sequestered carbon

dioxide through a look-up table (Supplementary material, Appendix F).

Gross Carbon Dioxide sequestration maps (i.e. excluding losses from soil) show that areas with

highest potential are located in the lowlands of central Scotland and along the Borders region,
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while the locations at the medium-high elevation (above 600m) in the Highlands, Grampian and
Strathclyde areas are characterized by the lowest potential carbon sequestration values. A very
similar pattern was recorded in the comparison between 2050 and 2070 and this reflects the
different levels of resilience of the eleven modelled species to future climatic pressures. However,
as expected, there are substantial differences in carbon storage potentials, with the predictions for
2070 able to accumulate up to 1504.08 tCO,/ha, while new trees cannot store more than 902.35

tCOy/ha by 2050, which is the more pressing time horizon from a policy point of view.
4.4.5 Balance of soil carbon with tree carbon

Soil carbon release estimates considering a high intensity (HISCL) ground preparation scenario
(business-as-usual) show, as expected, a lower carbon potential release from soil in the lowlands,
while most of the Highlands are characterized by higher potential release values with peaks up to
1000 tCOy/ha in the south west, north and centre-north. The net effect, considering potential tree
carbon sequestration therefore suggests the unsuitability, for carbon offsetting purposes, of those

areas (unless low soil-disturbance ground preparation techniques are applied).

Figure 8 compares, for each ground preparation intensity, the sign of the carbon budget estimated
using the lower end of the confidence interval and the median (GAMLI and GAMME as said
above). GAMLI and GAMME provide very similar patterns of suitability for expansion (where
suitable means resulting in carbon gain). However, the ground preparation intensity makes a
dramatic difference, with rather large areas of the uplands becoming suitable at low intensity (but

see the discussion session on this point).
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Figure 4.8. Comparison of the spatial pattern of the carbon budget calculated using GAMLI (lower end of the CI of
predictions) and GAMME (median) for 2050 for the three scenarios (H=high, M=medium, L=low) of soil disturbance

intensity.

4.5 Discussion

We have shown that afforestation in Scotland can contribute substantially to carbon storage in the
land use sector through woodland expansion. However, our results also show that, to avoid a net
release of carbon, accounting for spatial heterogeneity in the landscape, and for time evolution of
species’ suitability is very important. Therefore, it is crucial to be mindful of soil-based
limitations, as well as their interactions with the intensity of ground preparation practices. This is

relevant, for example, to ensure that any afforestation incentives don’t produce undesired effects.

These results broadly agree with those by Matthews et al., 2020, and additionally provide spatially
and temporally more resolved estimates of YC and carbon balance which account for the possible

effects of climate change on tree growth.
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The approach we used was a conservative one, to avoid under-estimating the potential to release
carbon unwittingly. However, we have also shown that using more optimistic estimates for YC (the
median) does not substantially alter the results in terms of which locations should be avoided. On
the other hand, we might also have underestimated soil carbon losses due to climate warming
which would bias the results in the opposite direction compared to the use of the low end of the

confidence interval for the predicted YC.

Nonetheless it should be borne in mind that we used RCP8.5 as an upper limit to climate change,
and that the use of other concentration pathways is likely to give intermediate results, with less

marked differences in future YC. Future work will be extended to such intermediate scenarios.

Mineral soils were almost always suitable and organic soils often unsuitable or suitable only if
planting is carried out with low-level soil disturbance (low intensity) ground preparation methods.
Intensity of practice therefore makes a crucial difference, with a much larger area suitable for
carbon storage when low intensity practices were used. Assuming that intensive ground preparation
practices were adopted indiscriminately, afforesting large areas of the uplands could result in a net
carbon loss in the next decades. Afforestation, however, does have a number of potential benefits,
such as the provision of habitat, of landscape-level connectivity, the alleviation of soil erosion,
mitigation of water pollution, alleviation of flooding and provision of shade for streams populated
by temperature-sensitive species. Consequently, it could be practiced in sensitive areas using low-
intensity methods. In any case, there is likely to be a trade-off between cost per ha and speed of
expansion on the one hand, and planting method on the other hand. Having a time window for
halving global emission that is drastically narrowing (Hohne et al., 2020), the speed of tree growth
become an important factor for offsetting emissions, as most upland areas are also less suitable
than lowland areas for rapid storage and therefore rapid mitigation of climate change, due to the

lower productivity of upland trees.

While carbon offsetting is in principle possible in the lowlands and the ambition by the Scottish
Government to plant some 450,000 ha or more appears theoretically feasible, there is also the
potential for local conflict with farming. Also, if farming activities were to ‘leak’ abroad to avoid
conflict, the net effect could well be that emissions are increased (see, e.g. Hoang and Kanemoto

2021). This point needs further study.
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Returning to land-use conflicts, it is interesting to notice that newly planted woodlands in recent
decades were established on marginal, not very productive land (which might have resulted in net
carbon losses) while improved agricultural land has tended to be avoided (Brown, 2020). This
agrees with what is known about farmers' attitudes to woodland planting (e.g. Slee et al., 2014) and
indicates that resistance to carbon-friendly woodland expansion should be expected in the
lowlands, where land opportunity costs are likely to be higher (i.e. more productive agricultural

areas).

Recently, a number of studies have suggested that species’ habitat suitability will be altered under
the changing global climate, with winners and losers (Taylor et al., 2012; Cunze et al., 2013;
Buczkowski and Bertelsmeier, 2017; Wei et al., 2017; MacKenzie et al., 2021). Our analysis
corroborates such findings, and underpins actionable guidance for forestry policy by providing
spatial and temporal detail for the eleven tree species considered. It suggests that, while the pattern
is spatially variable, the predicted YC declines in many lowland areas for boreal species such as
Betula sp. (Birch) are a reflection of worsening growing conditions, likely to become less
favourable especially after 2050. While the increase in YC -especially in the lowlands- of more
southern species such as Pedunculate Oak, Ash, or Wych Elm reflect warming conditions.
However, such an increase was not sufficient to make these species a better choice for carbon
storage over exotic conifers. From this point of view, Sitka Spruce was generally the dominant
species in the Scottish landscape across all years, with localised exceptions where Douglas Fir or
Lodgepole pine were predicted to fare better (e.g. SE lowlands). An important caveat, however, is
that this conclusion implicitly assumes that the timber of the harvested conifers stores carbon for a

long time, e.g. by being used to make long-lasting manufactured products.

It is also worth noting that the changes in the predicted spatial patterns of YC imply that present
conditions might not reflect future success of afforestation efforts if such efforts implicitly assume
no climate change by matching species to present suitability. A forward-looking policy, aiming to
enhance environmental resilience, would therefore use a mixture of species likely to succeed based

on their present and future projected suitability.

This study contributes to the debate regarding if and how woodland expansion should be carried
out as a climate change mitigation measure. While the UK Committee on Climate Change (2020)

has called for a substantial expansion of (commercial and broadleaved) forests, this paper shows
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that the common assumptions that these should be located in the uplands is often not tenable for
effective carbon offsetting. On the other hand, forest expansion in the uplands with low intensity
ground preparation methods appears feasible from these results but would have to be aimed mainly
at other benefits, and would be likely to be achieved more gradually, eventually reaching
comparable carbon storage (see e.g. Crane, 2020). This is also in broad agreement with the limited
experimental results that have shown that, on organic soils, no appreciable net carbon gain and
sometimes net loss can result even with low-intensity ground preparation methods (Friggens et al.,
2020). We therefore concur with authors that have urged caution (e.g. Veldman et al., 2015;
Seddon et al., 2019) and note that reliance on carbon sequestration by trees needs to be put into
perspective. For example, the sequestration through afforestation, achievable for the UK over 30
yrs by the optimistic Tailwinds scenario of the UK Committee on Climate Change, (UKCCC,
2020), is ca 180 million tonnes carbon dioxide equivalent (Mt CO,-eq) over 30 years. This is less
than 1% of the total Greenhouse Gas (GHG) emissions footprint for which the UK would be
responsible over the same period if the annual carbon footprint remains similar (BAU) as the

footprint of 772 Mt CO,-eq estimated for the UK in 2017(DEFRA, 2020).

As to what species to use, to maximise carbon gains, our estimates of the amount of carbon that
could be stored over 30 years by afforesting the most productive 450,000 ha in Scotland using only
exotic conifers vs only native species are 272 and 203 Mt CO,-eq, respectively (see supplementary
material E). Consequently, if, for the sake of argument, we assumed that only exotic conifers were
used, the carbon gain over 30 years would be between 10% and 13% of the Scottish total BAU
carbon footprint over that period, (i.e. of 70.7x30 Mt-CO,-eq, as the total yearly carbon footprint
of Scotland in 2017 was 70.7 Mt of CO,-eq, Scottish Government, 2021). Although those figures

represent an important potential achievement over 30 years, they are still relatively modest
compared to the whole footprint. The difference between using only exotic conifers or only native
species is around 3 percentage points, so the carbon-based case for exotic conifers does not appear
particularly strong. A more in-depth uncertainty analysis would provide a range of a few more
percentage points but not change the order of magnitude of the quantities involved. This should
also be weighed against other multiple benefits that might derive from planting native species.
However, the extra carbon footprint derived from sourcing timber from overseas would also need

to be considered when comparing options.
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In summary, while there are often cases in which it should be encouraged, it appears that
expectations about tree planting as a mitigation tool have to be managed. This also supports the
concerns of critics that see dangers in moving away from systemic approaches to concentrate on
simple solutions (e.g. Watt, 2021). Moreover, the consequences of this analysis are bi-directional,
in fact if there so much interest and attention in the use of afforestation practice to reduce a limited
quantity of GHG emission, the same level of effort should be address to reduce carbon emission

anyway in other sectors to avoid jeopardise the existence of native tree species in the future.

Finally, the approach we have illustrated, treating soil and trees as part of the same system, has
wide applicability, uses widely available climatic data and scenarios and can therefore contribute to

assessing forest-based climate mitigation policies worldwide.
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5

5.1 Introduction

In many regions of the world, the rapid development of agriculture, intensive use of fertilisers and
and increased nitrogen (N) deposition have dramatically changed the natural N cycle. The impacts
of this change are well documented, including the eutrophication of freshwater and coastal
ecosystems, biodiversity losses, and potential contamination of drinking water. (e.g. McLauchlan et
al., 2013; Cranfield, 2010). Improved practices in nutrient management have been developed to
mitigate these detrimental effects, including a number of structural measures such as constructed
wetlands, sediment ponds, and riparian buffers. While their efficacy has been variable in the past,
recent advances in the science of nutrient transport allow their implementation to be optimised. The
refined understanding of nutrient dynamics now allows the identification of “hotspots” areas of a
catchment that contribute the most to nutrient export (e.g. Kovacs et al., 2012). Besides, agriculture
development could have a major effect on erosion of soil and its range of key functions rising
environmental concerns. These functions comprise the production of food, the storage of organic
matter, water and nutrients and the provision of habitat for a wide variety of organisms. This
concern has been recognized globally considering that erosion rates from ploughed agricultural
fields average 1-2 orders of magnitude greater than rates of soil production, and long-term

geological erosion (Montgomery, 2007). While ploughing and removal of crop residuals from land
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to use as burning fuel are two of the main factors that can increase soil removal, erosion rates are
high on marginal and steep lands converted from forest to agricultural use to replace the already
eroded, unproductive cropland (Lal and Stewart, 1990) thus deforestation can have a major impact
on soil erosion. Such knowledge helps target mitigation activities and design optimal nutrient and

sediment management plans.

However, solving the nutrient and sediment issues globally does not simply hinge on the science
and application of best field management practices. Nutrient and sediment management plans
typically encompass a broader suite of socio-economic factors such as the expected yield of
agricultural land, the financial cost of mitigation activities, or the recreational use of regional water
bodies. For example, while decreasing the amount of agricultural areas may be the simplest way to
decrease nutrient and sediment export, trade-offs will result (e.g. Sutton et al., 2013). Similarly, the
optimal solution to mitigate nutrient and sediment export may involve riparian buffers along the
streams, but budget restrictions would make this solution inefficient if it were implemented in half
of the catchment only. Therefore, in-depth understanding of nutrient and sediment dynamics may

be only a minor component of the complex challenge faced by land planners.

To aid decision-making in such complex multi-objectives problems, approaches relying on
mapping ecosystem services are increasingly used (e.g. Bastian et al., 2013; Maes et al., 2012).
Ecosystem services are here simply defined as the benefits that people obtain from ecosystems (e.g.
MAE, 2005). By considering the multiple benefits that land provides and quantifying their values
in the local context, scientists can better understand the trade-offs inherent in a policy decision and
thus present a broader view of the issue to decision-makers (e.g. Johnson 2012). Ecosystem
services models have thus can help been developed to identify areas in the landscape where natural
benefits are provided or lacking, and thus to plan land management accordingly. The Integrated
Valuation of Environmental Services and Trade-offs (InVEST) tool
(http://www.naturalcapitalproject.org/InVEST.html) provide several models. Here, the focus is on
those allowing estimation of nutrient and sediment retention and as well as export (as one is the
complementary side of the other). However, the use of such generic models is limited by the
knowledge of ecosystem service production, and by the simplification of the biophysical processes:
in fact, the multiplicity of services represented may come, in practice, at the expense of individual

models sophistication.
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Selecting a complex model is ultimately dictated by the available data to select, parameters and the
resources available for the analyses. In particular, in projects with low data availability or where
time constraints are tight, simple models such as InVEST are very attractive. Yet little is done
(Verhagen et al., 2016) about the level of information provided by such models as a consequences
of land use change in Scotland. This work is part of an interim report (Gimona et al., 2019) which
illustrated a spatial multi-criteria approach coupled with ecosystem services models for assessing
some of the consequences of scenarios of land use change. Here we focus on the description of
models of nitrogen and sediment export to assess terrestrial ESs in the Cairngorms National Park

(Appendices).

5.1 Data

Nutrient and sediment models requires different input datasets. While some of them are used by
both models, others are specific. The following table and paragraphs summarized the data required

to run the two modules of INVEST framework.

The data used were common as far as the two models allowed, given their different time scales and
process representation. Table 1 summarises the input data for the two models. For the nutrient
module, we used baseline climate grids from the UK Meteorological office: precipitation,
temperature, sun hours, wind speed, relative humidity, air pressure, temperature to calculate
evapotranspiration using the FAO56 P-M method (Allen et al., 1998). The Digital Terrain Model
(10-m resolution) was hydrologically corrected using the algorithm described in Soille, 2004. Soil
depth was obtained from the national NSIS soil data base (Lilly et al., 2010) and interpolated using
the method described in Poggio et al., 2010. The soil available water content was derived from
Gimona and Birnie, 2002. All data were resampled at 25 m resolution to match that of the land

cover data.

With regard to the nutrient modules, inputs were calculated in table format to be linked with LU
classes of the land cover map. First, N loads were calculated for each LU class as the sum of
depositional, organic and inorganic N. Atmospheric N depositions estimates were taken from the

European Monitoring and Evaluation Programme (EMEP, 2012).

The N input per land cover class, was derived from literature sources detailed in Table 2.
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To better represent the spatial variability of the N input, the initial 23 land cover classes were
further categorised based on the intersection between land use classes and a Integrate
Administration Control System (IACS) data which represents the main building block of the

management of payments from the European agricultural guarantee fund (EAGF). In addition, for

each land class, a map of N input from livestock was obtained as follows. Based on the gridded 2
km June Census produced by the Scottish Government (EDINA), the density of cows (beef and
dairy), sheep, pigs, poultry was calculated separately for each 25 m cell, by distributing animals
only on grazing land, and their contribution to N input estimated from their per capita average
input. Next, retention rates were estimated from the total input and the total amount available for

leaching in each cell.

ESS model Input variable Source

Soil erosion and Rainfall erosivity factor (R factor) (MJ mm ha—1 h—1 yr—1) European Soil Data Centre (ESDAC)"

retention

modelling
Soil erodibility factor (K factor) (Mg h ha MJ—1 mm—1 ha—1) European Soil Data Centre (ESDAC)?
Slope length and steepness factor (LS factor) European Soil Data Centre (ESDAC)?
Cover and management factor (C factor) (0-1) European Soil Data Centre (ESDAC)*
Support practice factor (P factor) (0-1) European Soil Data Centre (ESDAC)’
Digital Elevation Model (DEM) (10 m) Ordinance Survey®

Shared data Land Use Cover Hewitt et al., 2019
Watershed (shapefile) SEPA

Nutrient Root restriction Literature'' - Expert opinion’

retention and

export modelling

Plant available water content (AWC) (fraction content, 0—1) Literature®
Soil depth (mm) Lilly A., 2010
Average annual precipitation (mm) MetOffice’

Average annual potential evapotranspiration (mm) Derived"


https://ec.europa.eu/info/food-farming-fisheries/key-policies/common-agricultural-policy/financing-cap/cap-funds_en#eagf
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Evapotranspiration coefficient Derived"
Nutrient loading (kg ha—1 yr—1) Literature''
Vegetation filtering capacity Literature''

Table 5.1 Sources of dataset: 1) European Commission, Joint Research Centre (Panagos eta al., 2017); 2) European
Commission, Joint Research Centre (Panagos et a al., 2012a); 3) European Commission, Joint Research Centre
(Panagos et a al., 2012b); 4) European Commission, Joint Research Centre (Panagos et a al., 2012b); 5) European
Commission, Joint Research Centre (Panagos et a al., 2012b); 6) OS Terrain 10 GML 3.2; 7)1 m for crops and grass, 2
m for shrubs, 3 m for trees; 8) Gimona and Birnie, 2002; 9) Met Office, 2013; 10) Calculated using method of Allen et
al., 1998; 11); See Table 2.

We assumed that the N of animal origin is available for plant uptake during the growing season —up
to an upper limit and available for leaching in between (Fig. 5.1). On crop lands, we accounted for
the length of the growing season. The total organic N input in each cell was split into a proportion
assumed to be deposited during the plant growing season, and a proportion deposited outside that
period. The ratio between the two was assumed to be the same as the ratio between the duration of
the growing and non-growing season. The average duration of the growing season in each cell was
estimated using TIMESAT (Jonsson and Eklundh, 2004) using a time series of 10 years of
biweekly MODIS EVI images, pre-processed to clear the clouds (Poggio et al., 2012). This

estimate is based on changes in vegetation greenness as seen by the satellite.
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Fig. 5.1. Calculation of water purification efficiency for organic and inorganic N

5.1.1 Land use

A 25 m resolution spatial dataset was prepared by combining IACS land parcels land use aggregate
dataset, agricultural land use classes only (categories ARABLE, TEMP_ GRASS, IMPR_GRASS)
with a data set combining LCM2007 (Morton, 2011, 25 m raster), and Scottish forest inventory

data WoodR3 categories. To integrate the forest inventory data, broadleave and coniferous

woodlands of a functional age (behaving as woodland cover) were extracted from the Native

Woodlands Survey for Scotland 2014 (Patterson, 2014) and National Forestry Inventory for
Scotland 2015 (NFIS, 2015) and used to expand the woodland extent originally in the LCM2007.

Woodlands that did not fit neatly in the two LCM2007 land use categories were ignored, as well as

shrubs, scrubs, and clear fell. The analysis was carried out in vector format with a 10m tolerance;

the aggregated dataset was then converted to 25m raster.



Chapter 5 - Modelling water purification in Scotland through the use of

forest expansion scenarios 60

Both the IACS and the LCM2007 woodland datasets were rasterized to 25x25m resolution and
combined using raster map algebra (GRASS GIS), giving preference to IACS data in areas of
overlap. The integration procedure is described in Hewitt et al., 2019. (Appendix G).

The dataset was made for 2015 time period and reclassified to LCM2007 categories to be used as

input to InVEST models for nutrient and sediments export.

The data needed by the nutrient and sediment model of INVEST (InVEST 3.0.0, Sharp et al., 2015)
are summarised in Table 1. The tool requires look-up tables for each land use class (see Table 2).
Nitrogen (N) loading for each land use class in kg ha—1 yr—1 were derived from literature based on

the land use classes characterisation (see Table 2 for further details).

lucode LULC desc Kc® Rootdepth” usle c?usle p *sedret eff® load n eff n° LULC veg
3 Arable unspecified 1.151 1250 0.298 | 0.6 78°  0.67 |
4 Improved Grassland 1 1000 0.220 1 0.7 90° 0.27 1
5 Rough grassland 1 1000 0.312 1 0.7 4429 04 1
6 Neutral Grassland | 1000 0.263 | 0.7 98° 0.36 |
7 Calcareus Grassland | 1000 0.223 | 0.7 48.5% 0.39 |
8 Acid grassland 1 1000 0.359 1 0.85 2445 0.39 1
9 Fen, Marsh and Swamp 1 1000 0.293 1 0.8 1239 04 1
10 Heather 1 500 0.391 1 0.99 19¢ 039 1
11 Heather grassland | 500 0.391 | 0.99 196 039 1
12 Bog 1 500 0.404 1 0.99 18.5° 0.39 1
13 Montane Habitats 1 500 0.429 1 0.99 14¢ 044 1
14 Inland Rock 1 500 0.448 1 0.99 14° 0 1
15 Saltwater 1 0 0.372 1 1 14° 0 0
16 Freshwater 0.95 0 0.423 1 1 14°¢ 0 0
17 Supra-littoral Rock 0.92 1000 0.406 1 0.05 14°¢ 0 1
18 Supra-littoral Sediment ~ 0.92 1000 0.337 1 0.05 146 0 1
19 Littoral Rock 0.92 1000 0.373 1 0.05 14° 0 1
20 Littoral Sediment 0.92 1000 0.353 1 0.05 14°¢ 0 1
21 Saltmarsh 0.92 1000 0.328 1 0.85 17.4¢ 0.39 1

22 Urban 0.92 200 0.436 1 0.2 162°¢ 0.17 0
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23 Suburban 0.92 200 0.391 1 0.2 162°¢ 0.17 0
101 Broadleaved woodland 1.5 3000 0.302 | 0.87 142°% 045 1
102 Coniferous woodland 1.5 3000 0.317 1 0.87 142°% 045 1
302 Temporary grassland 1° 1000 0.221 1 0.7 1114 027 1
303 Improved grassland 1° 1000 0.221 1 0.7 794 0.27 1

3011 Oats 1.15 1250 0.298 1 0.6 914 0.67 1
3012 Potatoes 1.15 1250 0.298 1 0.6 1234 0.67 1
3013 Rape 1.15 1250 0.298 1 0.6 1774 0.67 1
3014 Spring barley 1.15 1250 0.298 1 0.6 97+  0.67 1
3015 Winter barley 1.15 1250 0.298 1 0.6 1554 0.67 1
3016 Winter wheat 1.15 1250 0.298 1 0.6 183% 0.67 1

Table 5.2. List of data source: 1, Allen et al. (1998); 2, European Soil Data Centre (ESDAC); 3, InVEST Natural
Capita dataset; 4, Wray (2015); 5, Dunn and Mackay (1995); 6, Estimate using growing season method. 7,

Guess/estimate

5.2 Calibration and comparison

The River Dee catchment is a 2,100 km2 located in the East of Scotland. Its precipitation varies
from 700 to 2000 mm, including snow over several months. Land cover is dominated by montane
heath in the western areas, transitioning to heather moorland at lower altitude, and grassland,
plantation forest, and agriculture in the lowlands (Fig. 5.2). Nutrient issues have been reported by
the Scottish Environment Protection Agency (SEPA), with both diffuse pollution and point source
pollution affecting stream condition. Understanding of the nutrient dynamics and their evolution in

future climate scenarios is therefore of interest to water managers.
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Figure 5.2. Map of the River Dee catchment showing the land uses and sub-catchment delineation (black lines).

The Dee catchment was used to run InVEST and to compare nutrient results with NIRAMS 11
(Dunn et al., 2004) model, while data obtained from SEPA were used for comparison with

sediment module results.

NIRAMS II is a process-based, fully spatially distributed model designed to predict concentrations
and fluxes of nitrate draining from agricultural land. The model is a development of the Nitrogen
Risk Assessment Model for Scotland, which was created as a national scale screening tool for the
EU Nitrates Directive. As such, the model has been used to simulate nitrate concentrations in
agricultural areas designated under the Nitrates Directive, and it is currently being applied using
climate change simulations from UKCP09 to investigate possible future changes to Scotland’s

water resources.

The regression analysis showed that in both cases (nutrient and sediment) the two sets of export
results (ranked) were strongly correlated (p < 0.001), with R2 = 0.9 and 0.77. The absolute values
between the two models differed, with InVEST predicting lower N export than NIRAMS and
SEPA. However, a very strong correlation was found between the sub catchments ranks. Fig. 3

shows the scatter plot of ranked catchments between the two sets of export values.
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Fig. 5.3. Scatter plot of nitrogen (below) and sediment (above) export per sub-catchment (ranked) predicted by the two
models against Nirams II (nitrogen) and SEPA data (sediment)

Overall, difference in export predictions is expected, given the different model structure and time
resolution of the data used by the models. In InVEST, the use of annual averages for climatic
variables, for example, probably results in missing some peaks in nutrient export due to intense
rainfall events, especially outside the growing season. In addition, transport of leached nutrients is

poorly taken into account in InVEST.
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The main difference between the two models is the degree of complexity in the representation of
soil dynamics, including a variety of data sources and attenuation processes. This distinction also
implies a difference in the time and data required to run each model, which makes simpler models
more attractive in projects where time and resources to run more complex models are lacking.
Comparison showed that InVEST, the simpler model, provide the same level of information for

relative comparisons of sub-catchments, such as needed in a context of spatial prioritization.

5.3 Results: Scenarios for 2050

We used three different scenarios that upscale the previous parametrization at national level and
put different emphasis on potential benefits for the terrestrial environment and we further assess the
benefits for aquatic ecosystems by modelling the reduction in nitrogen and sediment (soil) export

to streams implied by the different planting scenarios.

The incorporation of climate change is only done through accounting for modelled changes in land

capability for agriculture (based on Gimona et al., 2015).

The analysis presented here is limited to broadleaved woodlands because of their multifunctional
nature. It could be easily expanded to include conifer plantations in the future. Three different
scenarios were produced, starting from the baseline to analyse the consequences of woodland

expansion in Scotland for 2050. An increment of 10,000 ha per year in the future 35 years was

simulated.

Scenario name 'Water&Prime Water&prime Future [Biodiv Biodiv++
Scenario name M13 M14 B21 B22
Scenario ID MCF23 MCF24 MCF11 MCF13

Land uses authorised to

become broadleaves

Arable, all Grasslands,
Heathers

|Arable, all Grasslands,
IHeathers

Improved grassland

Improved grassland

Spatial targeting Within 50m of \Within 50m of Polygons touching within |Polygons touching within
lakes/rivers lakes/rivers 100m of existing 100m of existing
Slopes >= 7% Slopes >= 7% broadleaves broadleaves

Within 50 m from a 1 1 0 0

stream

On wet mineral soil 0.5 0.5 0 0
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—
—
—
S

Avoid present prime land

Avoid areas downstream |1 1 0 0
of Built up area at risk of

flooding

Avoid areas downstream |1 1 0 0
of stretches of roads at

risk of flooding

Avoid future prime land [0 1 1

On dispersal corridors of [0 0 1 1
forest spp.

In areas favourable for |0 0 1 1

Biod. Action Plan species

Avoid good areas for 0 0 0.5 0.5

forest plantation

Table 5.3. Spatial criteria for scenarios.

Each scenario was designed to emphasise a different balance of benefits. The final forest expansion
map was produced applying a set of criteria at coarser resolution (250 m) using gridded (raster)
data, while a refinement stage, was then used to weight previous results using polygon (vector)

data.

The “Water&prime” land scenario uses criteria that privilege criteria related to water quality and

flooding, and also protects prime agricultural land from planting.

The “Water&primeFut” scenario is as above but additionally protect agricultural land that is

projected to become prime in 2050, using Metoffice climatic projections.

The “Biodiv” scenario includes criteria aimed at enhancing biodiversity, while still protecting

future prime agricultural land.

The “Biodiv++” scenario includes same criteria of Biodiv scenario with no protection for future

prime agricultural land.
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Figure 5.4. Graph of land use in each scenario (above), the opportunity map to change as defined by spatial criteria

(left) and a detailed zoom in to the Banchory area of the same opportunity map (right).
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The scenario/baseline export ratios are shown in Figures 5 to 12. For the uplands, there is a general

reduction in export of nitrogen and sediment in all scenarios.
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Figure 5.7. Nutrient export m13/baseline Figure 5.8. Nutrient export m14/baseline



Chapter 5 - Modelling water purification in Scotland through the use of

forest expansion scenarios

68

Legend

Ratio Scenario/Base

o oase
P ves -0
T Jomerm
B 100101
-

100 lametsrs

Legend
Ratio Scenario/Base

[ LR
IR
~laemoim
B o1
o

100 lzmeters

Figure 5.11. Sediment export m13/baseline
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Figure 5.12. Sediment export m14/baseline
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However, the spatial detail is important. It is remarkable that, in lowlands agricultural catchments
on the east coast, protecting prime land implies protecting both arable and intensive grasslands.
Despite planting riparian buffers, therefore nitrogen export does not decrease appreciably in many
intensive agricultural catchments. In WP and WP&F, as well as some arable land, seminatural

vegetation such as moorland is replaced by woodland.

The overall effect in nutrient export is modest, unlike in the Biodiv scenario, where corridors for
wildlife habitat connectivity are placed on intensive grasslands. In this case there is a decrease in
nitrogen export up to 20 percentage points higher than is obtained by protecting the grasslands and

planting on seminatural vegetation and on riparian buffers.

For sediment export, which depends on soil erosion, there is no substantial increase in benefit in
the biodiversity scenario, which targets intensive grasslands in relative flat areas, while the increase
in benefits for the “Water&Prime”, and “Water&Prime Future”, scenarios are clear in the uplands,
with maximum benefits on the west coast where rainfall is higher and slopes steeper than in the

east of the country.

5.4 Conclusions

Although these results are specific to the landscape analysed, since they are based on the particular
hydrology and nutrient dynamics of the catchment used for comparison, they give confidence in the
use of InVEST for such decisions. Analysis of a decision context where absolute values of N
exports were of importance suggested that the large uncertainties in InVEST outputs could
dramatically impact the decision. Simple models like InVEST, initially developed for screening of
the landscape and the integration of multiple objectives, are being increasingly used for ES
assessments. This study provides a valuable test revealing model limitations, and this is known to
be important for decision makers (e.g. Ruckelshaus et al., 2013). Further efforts in understanding
these models strengths and weaknesses as well as how to calibrate them in places where more data

are available are thus necessary for their application in the future.

The study illustrates how simple analyses can help identify the degree of information provided by
simple models, hence the type of decisions they may inform. Because uncertainty affects most

phases of most ecosystem service modelling exercises, from data gathering to parametrisation,
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practitioners relying on process-based models should be aware of it, and assess the consequences of
under and over estimation, as well as how they may propagate to any economic analysis. Decisions
that rely on estimates of impacts on ecosystems, therefore, also need to account for the degree of

risk aversion of the decision makers.

Finally, scenarios illustrated above provide evidence for the potential to achieve multiple objectives

through targeted land use change.

Improvement of habitat connectivity at the landscape level can be associated with a reduction in
nitrogen export to streams from agricultural catchments, if stepping-stone patches of new forest are
created preferentially on intensive grasslands. These same woodland stepping stones and corridors,
however, provide little extra protection form soil erosion. The highest erosion avoidance through

woodland planting is achieved on steep terrain in high rainfall areas.
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Chapter 6 — Defining afforestation suitability targeting
runoff catchment areas for Natural Flood Management

7

6.1 Introduction

This chapter analyses the opportunity to create woodland within the catchment to reduce the level
of risk on sensitive receptors located downstream the Cairngorms National Park (CNP) enhancing

the role of the protected area to contribute the regulating function of the system.

Climate change projections suggest that the frequency and severity of flooding is likely to increase

over the next century (IPCC, 2014).

In Scotland, taking 2003 as a baseline, annual average damages for inland properties attributable to
flooding is estimated up to £185 million (Werrity and Chatterton, 2004) and is likely to increase
accordingly with the trend effect of climate changes. With potential costs of flooding increasing,
Scotland has made great effort since the Flood Prevention (Scotland) Act 1961, when providing
protection was delivered to less than 10% of the 77,191 properties estimated to be at risk from
inland flooding (Werritty et al. 2002). Scotland in fact has led the rest of the UK in developing
Sustainable Drainage Systems (SUDS). Together with the Water Environment and Water Services
(Scotland) Act 2003 (WEWS), the plan introduced a general obligation on Scottish Ministers,
Scottish Environmental Protection Agency (SEPA) and responsible authorities to promote
sustainable flood management in the discharge of their relevant functions. With this renewed
interest in flood risk management, “sustainable flood management” is tackled within the River
Basin Management Plans required under the EU Water Framework Directive (Directive, W.F.,

2000).

Traditional flood engineering methods, such as the installation of flood walls and its progressively
increasing their height to contain increasingly serious events, have been found to be unsustainable
over the long term, therefore an alternative approach to flood risk management is needed. An
integrated catchment management approach is required to have effective benefits as wide as

poverty alleviation (Warner, 2006; Kerr, 2002) sustainable development (Pollard et al., 2008;
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Walmsley et al., 2001), access to energy (Falkenmark et al., 2002), healthy ecosystems (Stosch et
al., 2017), thriving livelihoods and gender equality (German et al., 2006), and a strategic plan that
manages both land and water through the system, recognising that activities can influence flooding

elsewhere (SEPA, 2015).

Natural Flood Management (NFM) is the synthesis of this integration at catchment scale involving
the work with natural features and processes to manage the sources and pathways of floodwaters
(Wilkinson et al., 2019). NFM typically comprises restoring the natural capacity of a catchment to
slow or store floodwater and covers a wide spectrum of measures. Those aim to reduce flood
hazard, while also sustaining or enhancing other potentially significant co-benefits including
enhanced ecosystem services (aquatic, riparian and terrestrial) such as greater biodiversity,
improved soil and water quality, carbon sequestration, reduced soil erosion, greater agricultural

productivity and improved public health and well-being (Dadson Simon et al., 2017).

As no strategy can completely eliminate flood risk, NFM measures are focussed on managing
flooding within the catchment. A key component of this is combining short-term solutions, such as
identification of areas prone to flood in order to decrease flood risk elsewhere (Wentworth, 2014)
with mitigation plans as woodland creation in key locations for intercepting and ‘soaking-up’

surface run-off generated from the adjacent ground (Nisbet et al., 2006)

The desired effect of the implementation of NFM measures is to reduce the downstream flood peak
(maximum height of a flood) and/or delay and elongate the flood peak downstream. NFM measures
can decrease the quickflow volume of water entering the watercourse, reducing the scale and
therefore impact of the flood and can increase the amount of time to prepare for a flood event

(Wentworth, 2011).
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Measure Group = Measure Type Main Action
Catchment woodlands Runoff reduction
Woodland : : :
Floodplain woodlands Runoff reduction/ Floodplain storage
Creation
Riparian woodlands Runoff reduction/ Floodplain storage
Land and soil management practices Runoff reduction
Agricultural and upland drain modifications = Runoff reduction
Land
(e.g., grip blocking)
Management
Non-floodplain wetlands Runoff reduction
Overland sediment traps Runoff reduction/ Floodplain storage
River bank restoration Sediment management
River morphology and floodplain restoration Floodplain storage/ sediment
River and ) ) )
(e.g., re-meandering, floodplain reconnection) management
Floodplain
Instream structures (e.g., woody debris) Floodplain storage
Management

Washlands and offline storage ponds (e.g., Floodplain storage
leaky dams)

Table 6.1: River and catchment based NFM measures (adapted from Natural Flood Management Handbook, SEPA,
2015)

General methods of spatial analysis in flooding have been considered, including mathematical, and
probabilistic methods. However, at strategical level, we decided to use a practical approach leaving
the analysis module developed for use within a spatial GIS-based MCA tool. In this module, the
influence of the receptors on flooding can be visually explored using an indicator-based method.
The indicator-based method provides a pragmatic approach to communicating areas of suitability
to woodland expansion. An application example in the upper Dee catchment, north-east Scotland,
is used to illustrate the capability of the spatial analysis module when applied in a decision-making

context.

Traditional techniques for designing flood estimation use historical rainfall-runoff data. Such
techniques have been widely applied to define flood prone areas at the sites of gauged catchment.
Ungauged catchments are characterised by inadequate records, in terms of both data quantity and
quality, of hydrological observations to enable computation of hydrological variables of interest for
practical applications. Hydrological variables refer to evaporation, infiltration capacity, rainfall,

runoff, and sub-surface flow. In this poorly condition of resource of data, the interpretation of
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rainfall-runoff relationships relies on one of the most important parameters to be able to predict the

response of a watershed: the time of concentration (Tc).

The conceptual definition for Tc is the time it takes for a water parcel to travel from the
hydraulically most distal part of the watershed to the outlet or reference point downstream. This
definition has been used for many hydrologic studies and applications (Kirpich, 1940; Guermond
2008; Giandotti, 1934; Li and Chibber, 2008; Mark and Marek, 2011; Efstratiadis et al.2013).

The index Tc is generally estimated by using empirical formulas at catchment level, for example,
Giannotti's formula (Giandotti, 1934) is extensively used in Italy, while Kirpich’s (Kirpich, 1940)
formulas is widely adopted in the USA. In the paradox, Grimaldi et al., 2012, highlights how these
formulas are very well accepted in the applied hydrology community, with limited information on
their technical foundations. Whether Tc is considered to be quasi-invariant for high return period
events in respect of rainfall intensity the risk is to fall into overestimation of Tc. However, strategic
applications like the one we propose in this document are not affected by this risk because the aim
is more to define the areas where the most of the runoff is generated rather than calibrate the index

with rainfall magnitude.

The objective of the present study is in fact to identify areas which are considered to be the sources
of the runoff reaching sensitive human and structural receptors. We decide to apply Geographical
Information System (GIS) to carry out the analysis undertaken in 2018/2019 in consultation with
Scottish Environmental Protection Agency (SEPA) and the Cairngorms National Park (CNP).
These areas would be defined as targeted by woodland expansion because the trees can play an
important role by slowing the flow and increasing the ‘sponge effect’ allowing water infiltration

through the root ways.

6.2 Flood risk in the Cairngorms National Park

All of the rivers and watercourses within the Cairngorms National Park have the potential to flood
to some degree. Most concern is generated along the Park’s main straths and glens, as when the
rivers and tributaries that flow along these, namely the Spey, Dee, Don and Tay, break their banks
they often result in economic and occasionally human cost. Small watercourses also represent a

risk but are often poorly understood with respect to the severity of the flood hazard that can be
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generated on a catchment scale. A summary of the most significant flooding risks and hazards
within the Cairngorms National Park is provided below. Information obtained from the Local
Development Plan 2020 (LDP, 2020) provide sufficient details of flood risk and impact, along with
information on historical flooding, for each local catchments identified by SEPA where significant

risk exists now or is likely to occur in the future, namely Potentially Vulnerable Areas (PVAs).

6.2.1 River Spey

The River Spey rises in the high ground of the Monadhliath and Cairngorm Mountain ranges and
flows in a north-easterly direction through narrow straths and scenic river valleys before
discharging into the Moray Firth beyond the fertile farmlands of Morayshire. The upper part of the
catchment is characterised by its mountainous areas, the highest point being the summit of Ben

Macdui at 1,309 metres above sea level.

The River Spey is the seventh largest river in Britain, with a catchment area of over 3,000 km?, and
a stream network length of about 36,500 km, of which the main river comprises 157 km (Spey

Catchment Steering Group, 2003).

There is a long history of flooding within the Spey catchment area, with a notable event, known as
the Great Muckle Spate, destroying several bridges in 1829. The River Spey and its tributaries
continue to flood regularly, with heavy rains and melting snows increasing the volumes of water in
the catchment. These floods have damaged properties in Newtonmore, Aviemore and Carrbridge
on a number of occasions. Most recently in 2014, Gynack Burn broke its banks in Kingussie,

damaging local buildings and infrastructure (SEPA, 2015).

Due to the potential risk caused by flooding within the catchment area, five PVAs (Fig. 6.1) have
been identified within the National Park, namely Aviemore and Boat of Garten, Carrbridge,

Kingussie, Newtonmore and Dalwhinnie.
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Figure 6.1 Distribution of PV As in river Spey catchment.

6.2.2 River Dee

The River Dee rises in the Cairngorms Mountains east of Braemar on the semi-arctic Braeriach-
Cairn Toul plateau. For the majority of its course, the river flows eastwards through a broadening
valley, which becomes much gentler in relief as it leaves the National Park. Within the National
Park, the river is fed by a number of important tributaries, namely the Lui, Clunie, Gairn, Muick
and Tanar, the latter’s confluence located just outwith the National Park Boundary (Dee Catchment

Partnership, 2007).

The river is considered to be the best example of a natural highland river in Scotland (Maitland,
1985). The notable characteristics of the river include its great altitudinal range, its unique
succession of plant communities, and its steep profile compared to other large British rivers (Dee

Catchment Partnership, 2007).

Like the Spey, the Dee suffers from flooding related to heavy rain and melting snows. Major floods
have been recorded in 1769, 1829 (the Great Muckle Spate), 1920 and 1956 (the Cairngorm Flood)
(Dee Catchment Partnership, 2007). In 2008 surface run-off entered the Netherly Guesthouse in
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Ballater and in 2014 the town’s caravan park and a number of roads were closed due to flooding
(SEPA, 2015). More recently, in December 2015 / January 2016, the Dee experienced widespread

flooding, which caused significant damage to property and transport infrastructure.

The Dee catchment contains two PVAs (Fig. 6.2) that fall within or across the National Park
boundary, namely Ballater and Aboyne.

7~ Potential Vulnerable Areas (PVAs) in Dee catchment

[_] CNP boundary
~7 PVAs
Catchment boundary
= Main river
— River network
R

Figure 6.2 Distribution of PVAs in river Dee catchment.

6.2.3 River Don

Rising in the in the peat flat beneath Druim na Feithe, and in the shadow of Glen Avon, the River
Don flows 135km east to the sea in Aberdeen. It is Scotland’s 6™ largest river, draining a catchment

of around 1,300km?.

The Don catchment contains one PVA (Fig. 6.3) that intersects the National Park boundary, namely
Heugh-head.
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Figure 6.3 Distribution of PVAs in river Don catchment.

6.2.4 River Tay

The River Tay has the largest catchment area and is the longest river in Scotland, with many of its
headwaters lying within the Cairngorms National Park. It covers an area of 5,088km? and is around
190km in length. More water flows through the River Tay than any other river in the United
Kingdom. The main tributaries include the River Garry, River Tummel, River Lyon, River Braan,

River Isla and River Almond.

The largest lochs in the River Tay catchment include Loch Ericht, Loch Rannoch and Loch Tay
(SEPA, 2015). The Tay catchment contains one PVA (Fig. 6.4) that falls within the National Park
boundary, namely Blair Atholl.
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Figure 6.4 Distribution of PVAs in river Tay catchment.

6.3 Data used

The result is a complex development of multiple spatial analyses which were carried using in
combination the free GIS-GRASS software under the GNU GPL license which can be obtained
from http://grass.osgeo.org/ and two open-source software such as GRASS GIS and R-CRAN (R
Development Core Team, 2015), an integrated suite of software facilities for data manipulation,
calculation and graphical display free available from https://www.r-project.org/. The work required
substantial data processing, because of the very detailed surface map used (10m digital terrain
model) and over 1000 separate analyses were conducted. After consultation with relevant

stakeholders, we upscaled the CNP analysis to the National level.

6.3.1 Digital Elevation Model
The Digital Elevation Model (DEM) was derived from OS Terrain® 5 (OS Terrain 5, 2018) with

an original resolution of 5 m. The DEM was resampled to 10 x 10 m and the medians in each grid

cell were used. The resampled digital terrain model was then clipped within the CNP borders.


http://grass.osgeo.org/
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Slope measure was derived with r.slope.aspect GRASS module based on RST perform

simultaneous interpolation and computation of partial derivatives (Mitasova and Hofierka, 1993).

6.3.2 SEPA dataset
A nationally-applied methodology has been used by SEPA to produce the flood risk maps for

Scotland. Those maps, which provide information on the indicative impacts of flooding at the
community level, were used to identify the sensitive receptors and flagged accordingly with the
flood risk correspondent (Tab. 4.2) as High, Medium, Low risk using the returning time of the

similar flooding events (e.g. 10 years is very high risk).

SEPA holds the relevant information about the flood risk maps
(https://www.sepa.org.uk/media/163413/impacts_of flooding_summary.pdf) that we have received
for either fluvial and pluvial risk along with the assets (residential and commercial properties,

railways and roads, utilities, etc.) associated to each of the following levels of risk.

Likelihood of flooding Fluvial and Coastal Pluvial
High 10 year 10 year
Medium 200 year 200 year
Low 1000 year 200 year + climate change

Table 6.2 Flood hazard levels on different likelihoods of flooding. Source: SEPA.

For our goal we decided to select all receptors classified as High Risk (as the most sensitive for
fluvial flooding risk (as the pluvial one originates from much smaller areas). In particular, the
receptors (commercial services, roads, railways, utilities and residential properties) were used as
the starting point for our analysis (Fig. 6.5). The very early-stage analysis was run just with a
selection of the receptors located within the CNP area for practical reasons, however the upscaling
process was run for the whole Scotland using the full receptors dataset. Results will highlight the

different outcomes using a subset of this dataset.


https://www.sepa.org.uk/media/163413/impacts_of_flooding_summary.pdf
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Figure 6.5 Assets identified by SEPA as potential high flooding risk receptors if located within a flood extent.
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6.3.3 Soil data

The second and very important input data we used for these analyses was the (potential) Infiltration

Capacity (IC) (Gagkas and Lilly, 2019).

The IC dataset was derived by horizontal and vertical distribution of soils and soil properties, and
has a profound influence on catchment hydrology, in fact, soils can delay runoff, store and

redistribute water and provide a supply of moisture for plant transpiration (Lilly et al., 2012).

Gagkas and Lilly, 2019 have developed a method for predicting the distribution of soil
hydrological classes using spatial disaggregation of map units with the Random Forest algorithm as
a means for downscaling the original dataset. It was determined that RF was effective at predicting
the complex relationships between HOST classes and the set of environmental covariates used, so
the method was applied nationally to generate maps (Fig. 6.6) of soil hydrological functions (IC)

which, we used to improve environmental spatial modelling and risk assessments in flooding.

& T

Potential infiltration based on ;‘ﬁgﬁf‘
predicted HOST classes g\,ﬁgz &
S

G2 “

Wy

Infiltration capacity (%)
Il 40
Il 3.6
[ 47.98
[15032
5134
[ ]5284
[ 59.5
[ 63.76
I 706 o e
I 99.94 : 50 0 50 100 150 200 km

Figure 6.6 Potential infiltration capacity (modelled) based on HOST classes observations.
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6.4 Methods

The following paragraph describes the methods to obtain a detailed representation of the natural
flood management and where exactly prioritize attention to enhance the ecosystem services
benefits through the use of long-term measures. Such restoration projects rely on the creation of

new woodland within the catchment area to mitigate the effect of flooding.

Firstly, the DTM (10 m resolution) was used to derive the flow accumulation model and the
drainage map which is a layer that represents the potential overland pathways due the setting of the
surface considered. For the Cairngorms National Park area, after several sensitivity analyses and
comparisons with the existing river network, we decided to set the threshold for the flow
accumulation as 1000 cells pre-processing. This means a pixel x should have at least 1000

upstream cells that drain into that pixel before it would be considered a stream.
In the same time, the 10m DTM was used to derive the slope map for the study area.

Those data were used in an iterative process, a loop, which was run as many times as the number of

the receptors present in the study areas. In particular, the iteration is defined as follows:

For each receptor (point feature)

* The upstream basin was reconstructed using the drainage map
* The area and the Concentration time (Tc) were calculated within the basin (Kirpich,

1940) according to the formula:

¢, = 0.0078] =
S

Where L is the maximum distance from the outlet inside the basin, and S is the median slope value

inside the basin.

Area values between all catchments were normalized (0-1) along with the inverse of Tc (1/Tc), the
two values were then summed together to obtain a Runoff index (RI). Therefore, the RI is adding
an extra factor on the barely prioritization of the watershed area extent constructed watershed
upstream a receptor because they can direct a larger amount of rainfall. Within this spatial bottom

down order, each watershed account for the capacity to deliver flash flooding events (1/Tc factor),
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which, in this work, is interpreted and associated to the theoretical definition of the Tc - the time
that a drop of rainwater spends to arrive to the basin outlet section starting from the most

hydraulically distant point of the basin (McCuen, 2009).

All the basins were summed together and normalized again to obtain the total RI map for all the
study area. The resulting map describes the likelihood of some areas to favour the runoff and the
source of potential flooding events. In addition, the total RI map was filtered using the two

parameters:

* The areas where the modelled flow accumulation map is less than 1000 (pixels
considered for creating surface routing).
* The areas where altitude (in m) is greater than 600
Those two spatial filters tend to prioritise the areas that are more distant from the receptor first
because the creation of new woodland just above the asset would not give enough time to make a
appreciable effect in the infiltration rate; in addition, we considered areas that are higher than 600m
as not suitable for expansion because of the combination of low solar irradiance and high wind

speeds that may reduce considerably the rate of tree growth.

The final NFM map is the results of the (rescaled 0-1) fluvial analysis using the receptors as
described above filtered and combined (spatial sum) with the infiltration capacity (IC) map. This
additional IC factor, was used to address new trees in areas that can both create the sponge effect
and where the infiltration is currently low, so the creation of new woodland can increase this

parameter through their roots.

The limited computational resources and therefore the time constraints to deliver this work for the
whole Scotland, have driven the pragmatic choice to resample the fluvial source map at 25m using
the median of the neighbour’s block and then clipped in the CNP area to remove potential border

effect due the limitation of the receptors used.

6.5 Results and discussion
A map with the areas ranked by suitability is shown in Fig. 6.7.

The resulting map would be a useful support to the help top priorities of the political agenda such

as whether woodland expansion in the Scotland could make a significant contribution to tackle the
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future rise in flood risk linked to climate change, as part of a whole-catchment approach to
sustainable flood management. Although, there is evidence that woodland offers a number of
potential opportunities for flood control from hydraulic modelling studies (Nisbet et al., 2005,
Linsted et al., 2006, Calder et al., 1999), other research and experiences indicate that aspects like
the increased water use of trees and the forest sponge effect are largely restricted to the headwater
or to small catchment level (Nisbet & Thomas. 2006) while the cumulative effect doesn’t propagate
far downstream and to the larger watershed scale. For this reason, our resultsindicate greater scope

for flood reduction and may reduce small floods but, generally, not extreme events.
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Figure 6.7 Suitability of woodland expansion for flood alleviation
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At a very local scale the analysis conducted nationally acquires greater significance when it comes
to preventing the high frequency events which identify the high-risk receptors. The CNP suitability
map (Fig. 6.8) does not show where planting will have the greatest impact on flood management.

However, the map does show where the opportunity for reducing run-off rates is the greatest.

Furthermore, having the catchment upstream the single receptors been treated as a uniform body,
darker blue areas (higher scores) are clustered around the middle slope and in areas upstream of the
PVAs, therefore likely to have a positive effect on reducing flooding downstream through

implementation of new woodlands planting schemes.
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Figure 6.8 Suitability maps for woodland creation within the Cairngorms National Park area.

In addition, the results of our analysis identify in detail the priority areas for woodland expansion to
alleviate flooding risk as the intermediate area between the headwaters and the upper part of the
alluvium (flooding terrace), i.e., somewhere in the middle-lower part of the catchment slope.

Recent studies (Hou et al., 2018), on modelled small catchments accounting for different rainfall
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events and different configurations of land use (scenarios of new woodland), seems to support our

findings.

The NFM map obtained will be used as\ input data for the SMCA analysis in the natural protected
area and will be represent one of the criteria to address the multifunctionality and the potential of

the new forest.

Using this analysis, we are quite confident that we can identify:
* The areas where most of the runoff has been produced;
* The basins to prioritize for NFM;

* How the woodland expansion target in the CNP can help to reduce the small flooding event

and increase the resilience of the potential vulnerable areas (PVAs).

A caveat is tree planting is unlikely to mitigate large and extreme rainfall events.
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Chapter 7 — Modelling native broadleaved and conifer
dispersal avenues through the use of circuit theory
model

7.1 Introduction

Habitat fragmentation is considered one of the most severe threats to global biodiversity (Sala et
al., 2000; Foley et al., 2005), and birds and mammals are recognized to be seriously affected
(Andrén, 1994; Recher, 1999), along with amphibians (Stuart et al., 2004), plants (Hobbs & Yates,
2003) and invertebrates (Didham et al., 1996). The mitigation of ecosystem fragmentation is
important in new targets of the European Biodiversity strategy to 2020 (Estreguil at al., 2013).
Understanding how this mitigation affects the habitat availability and connectivity of species at the
landscape scale is important for effective conservation planning (Uezu et al. 2005; Laita et al.
2011; Helm 2015). While the paradigm of the species distribution known as “landscape
connectivity”, assumed as the movement of organism among habitat patches, can be well
interpreted by everybody, the functional relationship of organisms to landscape structure might not
be so straightforward to understand. There are examples in nature, where connected habitat patches
still may not be functionally connected for some organisms and even non-contiguous habitat
patches may be functionally connected for others (With et al., 1997). In the forest context, if two
woodland habitat in a landscape are connected by a corridor well structured which do not
successfully deliver the functional response for the species results will be insufficient for species
movement (Tischendorf, et al., 2000). Therefore is important, rather than focus on a single
organism, use a multispecies approach (Adriansen et al., 2003) when considering connectivity.
Dispersal movement of organism and terrestrial species relied for long time entirely on the use of
least-cost method (Knaapen et al., 1992), its evolutions (Yu, 1996; Myers et al., 2000; Calabrese et
al., 2004; Rothley et al., 2005) and multiple applications (Gustafson et al., 1996; Adriansen et al.,
2003; Bunn et al., 2000). Even thougth parametrization of the cost surface is a difficult process,
least-cost analysis are increasingly being coupled with graph-theoretic techniques thanks to the

expanding accessibility of GIS software that can compute rapidly the least-cost routes. Recent
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studies (Urban et al., 2009; Urban and Keitt, 2001) successfully emphasised analyses based on
graph theory for modelling the functional response of a target species (or group of species) to
landscape pattern (patch size, shape, location). Graph theory and graph-based models increasingly
become appealing because their spatial representation that can be visualized and further studied in
relation to land use changes, and can solve important issue related to population stability and
resilience (Urban et al., 2009). Ecological literature generally considers the nearest neighbouring
patch, or patches within a limited neighborhood of the focal patch (a buffer) as the measures to
return significant effects (Kindlmann, 2008), or, alternatively graph networks (Dale at al., 2010)
even though the limitations of such approaches has been recognized (Moilanen, 2010). In these
models (Fig. 7.1), patches of habitat (nodes) are distinguished from the matrix. The connections
among nodes, called links (or edges) suggest the potential for movement or dispersal of a focal
species. Finally, graph-based metrics of connectivity can also be used when simulations are
impossible or impractical (D'Eon et al., 2002) and do not require the services of a skilled

programmer.

Examination of species distribution patterns using modern methods of spatial analysis can help us
to better understand the effects of ecological, environmental and anthropogenic pressures. Those
are usually the trigger to significant landscape changes which represent the challenges to interpret
relative importance among habitat removal and increased barriers to movement that can reduce

gene flow (Cushman et al., 2006) and promotes species invasions (Real and Biek, 2007).

In recent years, a new approach to understanding habitat connectivity has been borrowed from
studies of gene flow in plants (McRae et al., 2007) to envisage the landscape as an electrical
circuit, with each cell in a raster grid presenting a given ‘‘resistance’” to movement of the modelled

organisms (McRae et al., 2008).



Modelling native broadleaved and conifer dispersal avenues through the
use of circuit theory model 90

Fig. 7.1. From Galpern et al., 2011. Illustration of key
terms in patch-based graphs. (a) Patch — the focal
habitat on the landscape. (b) Matrix — the landscape
excluding the patches, shown here as a stippled surface
and a solid-coloured river. (¢) Node — the graph
element used to represent the patch. (d) Link — the
graph element used to represent the connectivity
relationship between patches. (¢) Components — groups
of nodes connected by links. (f) Compartment — a
group of nodes identified according to some criterion;
this compartment has been identified based on the

density of links among nodes, and is part of a larger

component. (g) Cut-node — a node which, if removed,

would disconnect a component. (h) Cut-link — a link

which, if removed, would disconnect a component.

Here we compare simple connectivity measures in their ability to predict colonization events in two
large and good-quality empirical data sets using Circuitscape software (McRae & Shah, 2009).
Circuitscape has been applied with success in modelling the effects of animal movement at large
scale for strategy planning and at finer time scales for management, where species connectivity
represents a primary concern (Scoble et al., 2010, Spear et al., 2010). Circuit theory progresses
further the graph theory-based methods through the inclusion of two main ecological concepts: the
least cost path, which is often used to extract ecological corridors (Adriansen el al., 2003) and
random walk of species (Chandra et al., 1997) which helps to interpret the key nodes of the
corridors. Beside, Circuitscape, which was used in the last decade in ecology (Carroll et al., 2017;
Dilts et al., 2016. Proctor et al., 2015) and in defining priority areas (Koen et al., 2014;
Breckheimer et al., 2014, Gimona et al., 2012), accounts for multiple dispersal pathways which

allows the user to evaluate the degree of redundancy (Gimona et al., 2012).

Within the Cairngorms National Park Forestry Strategy 2018 (CNPA, 2018) the third objective is
to restore lost or vulnerable forest ecosystems through creating forest habitat networks. Woodlands
in the Cairngorms National Park are vitally important for wildlife and support some of the most

charismatic creatures such as red squirrels, ospreys, capercaillie, and the Scottish crossbill, the
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UK’s only endemic bird. Prior to widespread forest clearance by humans in the medieval period
Pinewood Caledonian forest covered most of the Scotland area offering food and shelter to many of
these species and is now shrink to 1% of its original size, many fragments of which are now
included within the CNP area where is still fragmented between the sub catchments (Futurescapes).
Here Circuitscape model has been applied to create opportunity maps that can illustrate dispersal
flow paths and variations in the difficulty for “walkers” across the study area. To address specific
species that are recognised pinewood specialists we distinguish the analysis for broadleaved and
conifer for connecting isolated fragments of forest with same composition that is essential for both

habitat and wildlife resilience.

7.2 Methods and materials

Analysis was applied to the whole of CNP. The landscape where forest is embedded is quite
diversified with relatively small broadleaved woodlands on the margins of the CNP, which are
quite fragmented and dispersed in a farmland matrix, while on the foothills of the upland deciduous
forest tends to be surrounded by conifer plantations and/or heather moorlands. At a broader scale
the river Spey is dominated by native and non native conifer while the river Dee is more
broadleaved oriented, however the valley are of course separated by upland areas often devoid of
trees (Fig. 7.2). Circuit theory (McRae and Beier, 2007; McRae et al., 2008) was used in this to
identify the ecological corridors in heterogeneous landscapes. In the circuit model, landscapes has
been interpreted as a conductive surfaces while woodland patches represent source current zones.
The system overtakes the restrictive assumption of the least-cost path theory (Larkin et al., 2004,
Kautz et al., 2006, Watts et al., 2010) using an electrical current, flow and voltages analogy, related

to ecological processes.

7.2.1 Land cover data
The land cover data were derived from the Land Cover Map 2007 (LCM2007), produced by the
UK Centre for Ecology and Hydrology (CEH, Morton et al., 2011).
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Figure 7.2. Land cover classes (aggregated) form LCM2007.

This dataset, compared with the digital land cover classification for Scotland (LCS88) (MLURI,
1988) dramatically improves spatial and thematic accuracy and better represents landscape objects.
The GB framework is based on Ordnance Survey Master Map topography layer (hereafter referred
to as OSMM) and the NI framework is based on cartographic data from Ordnance Survey Northern
Ireland (now part of Land & Property Services). The spatial framework has been further refined by
supplementing the generalised national cartography with agricultural census data boundaries and
image segments. LCM2007 is the first land cover map to provide continuous vector coverage of
UK Broad Habitats derived from satellite data (Morton et al., 2011). An integrated LCM2007 with
Forestry Commission woodland inventory (namely LCM07v6s2 WoodR2n3 see Technical report
Hewitt et al., 2018 in appendix G) were created in January 2017 by Marie Castellazzi at the JHI,
with the aim of improving the representation of woodland in the LCM2007 land cover map. The
integrated dataset incorporated the latest version (as of January 2017) of 3 Forestry Commission

datasets:

* Native Woodlands Survey for Scotland 2014 (NWSS),
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* National Forestry Inventory for Scotland 2015 (NFIS),
* National Forest Estate Legal Boundary for Scotland 2016.

Map is shown in Figure 7.2.

7.2.2 Definition of matrix resistance for broadleaved

The matrix resistance parameters for species dispersal were derived from Gimona et al., 2012, who
derived the parameters from Watt et al, 2010. The Delphi analysis (Crance, 1987) used a group of
experts from UK conservation agencies, universities and consultancies, who were asked to rank
landscape resistance to dispersal for a ‘generic focal species’ (GFS). Resistance values were match
with the corresponding land cover classes in LCM 2007 (see Table 1). GFS is defined by the
ecological context and requirements reflecting the most probable needs of real species. This
generalization is useful when single species data are not available. However, Gimona et al., 2012
modified the original parameters accounting for the degree of modification and vertical structure of

each land cover.

7.2.3 Definition of matrix resistance for conifer

Matrix resistance values for conifers were obtained from CaperMap which is a spatial modelling
results made in-house at the James Hutton Institute (JHI) under Objective 1.3.4 of the RD1.4.1
RESAS project 2015-2021 of the Sottish Governament (RESAS, 2015). Caper Maps (Fig. 7.3) are
the level of disturbance in woodland for protected species “Capercallie” (Tetrao urogallus) habitats

considering core paths, towns and roads.

The maps shows the probability of occurrence of Capercallie (suitability) and the core areas
(zones) of living and nesting. Both maps were developed by Jim McLead at JHI using MELODIC
(Gimona et al., 2016) tool.

The CaperMap model was run for the extent of CNP (+10km buffer zone) at 25m cell size for 4
scenarios. For purpose of this analysis we uses Scenario 3 (resampled to 100m resolution) that
represents the highest possible level of disturbance (Fig. 7.3) on the basis of the Caledonian
Pinewood Inventory (CPI, Jones, 1999) dataset.
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» Baseline (all conifer woodlands, core paths, towns, roads, etc.)
* Scenario 1 Baseline + All Paths network

* Scenario 2 Baseline + CPI Regeneration Zones all converted to Caledonian Pinewood to

enhance existing cover
* Scenario 3 Baseline + All Paths + CPI Regeneration Zones

Zonation of the caper maps has integer values categorised with suitability into 0O=Unsuitable (value

<0.5), 1=Suitable (0.5 <= value < 0.8), 2=Excellent (0.8 <= value).

Figure 7.3. Caper maps results of Scenario3 run for CNP (zoom) that shows the suitability maps (left) and the core

zone area for Capercallie.

To define better the core habitats of the bird a double check spatial process was carried out
comparing the CaperMap zones with the LCM07v6s2 WoodR2n3 land cover map. The zone was
considered a patch of valid conifer woodland if was simultaneously a native woodland conifer and

a core zone as defined by CaperMap.
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On the other hand the suitability maps were used to define the resistance matrix as an inverse

function stretched between 0-100 values applying the formula:
Res; = (1 - Suitability;) - 100
where i indicates a particular raster cell.

Therefore the resistance value (converted in resistance maps — Fig. 7.4) was assigned based on the
inverse of habitat suitability because more suitable areas means higher levels of biodiversity, and
consequently low resistance to the species. Broadleaved (selected from land cover map) and
conifer (cross selection with CaperMap) woodland patches >0.5 ha, were defined as “sources”
(origin of current/random walkers), while patches <0.5 ha were excluded because are more likely
to suffer edge effects, and to have a low population of dispersers (Gimona et al.. 2012). Sources are
defined as a key ecological patch that sustains ecological processes and from where ecosystem

services are provided.
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Figure 7.4. Maps of the resistance matrix (same zoom location) for conifer (left) and broadleaved (right).
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7.3 Results

Circuitscape creates ASCII current
and voltage maps for each pair of
core areas, plus a cumulative
current map that sums up current
between all pairs. This cumulative
value, defined as the density of
random walkers are migrating from
patch to patch (Fig. 7.5), depends on
the resistance of the conductive
surface which account for the
distance from broadleaved source
patches (Gimona et el., 2012), and
from conifer patches, where
CaperMap consider very little range
movement of Capercallie from core
zone (e.g. 5-1lkm, Moss at al.,
2006).

Figure 7.5 Broadleaved and conifer woodland patches

7.3.1 Current maps and potential dispersal avenues

The cumulative current density classes, in Fig. 7.6, is classified in quantiles and indicate areas with
different probability of being traversed by random walkers. The blues are those with the highest
probability of being traversed, hence are the areas where with connectivity is higher among forest

habitat patches.
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Figure 7.6. Conifer and broadleaved cumulative current modelled and classified with quantiles (above). Woodland
landscape connectivity is more discrete for broadleaved because the strong link between land use and resistance.

Histograms of the statistical distribution of cumulative current values (below).

7.4 Discussions and conclusions

The two types of target woodland have shown substantial differences related to the use of different
data input, however the connectivity assessment is likely to vary geographically inside the main
valleys of the river Spey and river Dee, where ecological sources are located. The resistance value
was defined as the inverse of habitat suitability and was calculated to be in the range of 1-100 for
both type of woodlands. Generally, the ecological resistance of coniferous species seems to be
quite limited in the neighbourhood of the sources with a values that decay progressively over

distance, while broadleaved species seems to be more distributed where available land cover

classes occur.
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Although the term “corridor” is recognized by ecologists, it is often used without explicit
definition. The results of this analysis does not identify corridors of continuous habitat, but
potential dispersal pathways (Fig. 7.7) and so the opportunity to introduce new stepping-stone
(Beier & Noss 1998, Hess & Fischer 2001, Schmucki & de Blois 2009) woodland patches.
Defining clearly a corridor’s roles is only the beginning of the design process, developing design
criteria for each of a corridor’s functions remains an unfinished and formidable task and during this
process, functional conflicts might be uncovered by the proposed land use change (Hess et al.,

2001).

Parametrization of Circuitscape is heavily affected by the scarcity of the data specifically produces
for target species. Despite that, data from Gimona et al., 2012 (elaborated version of Watt et al.,
2010) were useful to complete this exercise. Other data such as CaperMap produced by Jim
McLeod offered lower confidence in the ranking of the resistance values, compared to the absolute
values from literature used for broadleaved, but represents the only available option to introduce a

proxy data rather than a specific expert based opinion.

In this study we were unable to provide firm proof that such woodland expansion in the potential
dispersal pathways leads to increase of species populations (or decrease of mortality), but it is
likely to create the opportunity for further investigation of land use change consequences. Having
said that when there is no better alternative given the time and resources required to collect detailed
life history data on several species (e.g. Etienne et al., 2003) this approach is useful in determining

planning opportunities.
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Chapter 8 - Spatial multi criteria analysis (sMCA) -
background, methods and supporting data

8.

8.1. Introduction

This chapter aims to describe the method used, the additional criteria and areas of no-go for trees
(hard constraints) and the negative criteria intended as the areas advised against for tree planting
(soft constraints). These extra criteria can add further information to the SMCA designed to help
support decisions about land use change. Effective support for land use change means identifying
areas that are appropriate for the proposed change (e.g. woodland expansion) but where this land
use change could also either provide other benefits (such as recreation opportunities) or reduce

problems (such as poor water quality).

Decision-making in forest planning projects requires consideration of landscape across its between
functional components and this exercise is often complicated due to the wide range of criteria
involved. In order to be effective forest managers must wear the conservationist hat to target high-
priority lands by focusing on the integration of scientific criteria with considerations from local
residents and land owners. The best way to arrive at a conservation program decision that is
democratic requires consensus (Innes et al., 1999; Sayer et al., 2013) therefore tools that help
maximize agreement and minimize conflict among different stakeholders groups are always

preferred.

Over the last twenty years, multi-criteria decision making (MCDM) is an approach applied for
solving forest resource management disputes (Pereira and Duckstein, 1993, Keisler and Sundell,
1997). It was amply demonstrated that the monetary valuation of ecosystem services is not
straightforward (Schroter et al., 2016), sometimes even detrimental (Temel et al., 2018) and the
non-monetary valuation is not necessarily easier, but it is often key to environmental MCDM
(Martinez-Alier et al., 1999, Carbone et al., 2000, Munda, 2000). Multi-criteria decision analysis
(MCDA) form the basis of MCDM. This is a tool that can centre the importance of consider

multiple information in strategic planning, and can be used of helping decision making for multi-
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objectivity. In addition, it has been used as an effective ,means in directing forest owners to comply

with the public (governmental) forest policy (Kangas et al., 2001).

Under the umbrella of MCDA can be found a wide variety of different ways to elicit inputs
approaches, representations, combination algorithms, and processes for interpretation of results.
Recently, (Ananda et al., 2009, Diaz-Balteiro et al., 2006) have produced an exhaustive survey of a
larger number of journal articles and text books published on MCDM applications in forest
management, concluding that computation of elements of the methods (algorithms) aids and
innovative advancements in MCDM informatics available can accelerate the use of MCDM in
forest management problems. According to this trend, selection of specific methods seems to be

driven by availability of specific expertise and software tools (Huang et al., 2011).

Simple methods where multiple criteria are base on cut-off values, namely non-compensatory
approaches, outlined theories which increases in the value of one criterion cannot be offset in the
value of another one (Hwang and Yoon, 1981). The simplicity makes methods easier to understand
and apply, but they require including or excluding alternatives based on hard cut-offs. On the other
hand, compensatory approaches use multi-attribute utility theory (Keeney and Raiffa 1976),
multiplying weights by normalised criteria values (converted to a continuous 0—1 scale) and
summing these to derive a score or rating for each alternative. In this modelling exercise, criteria
can be traded off against each other on a continuous scale, so that a weight decrease in one criterion

can be compensated for by an increase in another.

The last 20 years or so have evidenced a technological progression and a remarkable quantity of
researches on spatial multi-criteria analysis (SMCA) and integrating MCDA into GIS (Pereira and
Duckstein 1993; Jankowski 1995; Laaribi et al. 1996; Malczewski 1996, 1999; Thill 1999; Chakhar
and Mousseau 2008, Perpifia et al., 2013, Nguyen et al., 2015, Van Hoang eta al., 2020).

The combination of GIS and MCA added allows decision makers to deal with the problem of
handling large mounts of complex information and to divide the main issue into smaller problems
and then integrate the assessments in a logical way. Further, sSMDA have the flexibility to integrate
additional information, that do not directly represents the opportunities and constraints, but could

have an indirect impact (population, GDP, etc.) in the identification of priorities.
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There are many classifications in place for the formal MCDM methods that have been
implemented in the GIS environment including compensatory weighted linear combination (WLC)
(e.g. Malczewski 2000), reference point methods (e.g. Tkach and Simonovic 1997) and analytical
hierarchy process (AHP) (e.g. Rinner and Taranu 2006) .developed by Saaty (1980). Among these,
the WLC method is the more realistic and subtle in their modelling, and most widely-used method
(Eastman et al. 1993; Malczewski 2000). WLC methods can calculate the total value score for an

alternative as a linear weighted sum of its scores across several criteria,
V=2:w;.x;, where Zw; =1, [1]

however, in WLC methods is also possible to broke down dimension i into several subdimensions

J, where x;; 1s the alternative's score on the jth subdimension of dimension 7,
Vi = Ei Wi - Xij, and szi W;. Vi [2]

Among the fundamental principles of MCA stands out the concept that the criterion weights
represents the relative importance of their criterion value (Massam, 1988). In this study we applied
this principle to develop a compensatory explicitly spatial GIS-based WLC (GIS-WLC) model for
defining woodland suitability in the Cairngorms National Park. This suitability, oriented to define a
multifunctional woodland expansion, was realized combining the (dis-)benefits maps produced and

described in chapter 4, 5, 6, 7 with additional spatial information described in chapter 8.

8.2. Methodology

The work makes use of previous described methods and ecosystem services (criteria) to create
woodland value maps for water quality, natural flood management and biodiversity (see chapters 5,
6 and 7). These value maps are used as input in the analysis, focusing on the case study of
Cairngorms National Park (see chapter 3). Therefore, the benefit maps produced at national scale
(e.g. nutrient and sediment export) were clipped to the CNP extent. These three raster maps were
selected to investigate the dynamic of woodland, while others were included in the analysis with no

change in weighting.

Because within CNP there is so much concern about native pinewood forest, due the sensitivity of
the species they host, we additionally divided the analysis in two branches to address different

spatial suitability for broadleaved and conifer woodland. Therefore, the two parallel, but distinct
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analyses, refers to different spatial attribute maps, specifically produced for the analysis they refer

to (e.g. broadleaved analysis consider dispersal avenues for broadleaved species).

Although nutrient and sediment export maps represent a single opportunity to expand woodland
here we adopted the GIS-WLC to hierarchically consider the compound of these two criteria as
different aspects of the same service, specifically as a subdimension of the water quality. The
reason for this is located in the forest function itself, in fact it is widely recognized that afforested
areas may be a substantial sink for nutrients (agriculture in-organic origin) that would be otherwise
susceptible to leaching and transported to the stream network (Burt and Pinay, 2005, Lohse et al.,
2009, Nieminen et al., 2017). On the other hand, forest in buffer zone may be efficient in reducing
mostly total suspended solids (TSS) and phosphorous (P) to water courses which is a serious water
quality problem (Jordan et al., 1997, Péarn et al., 2012). Hence, if nutrient and sediment export
affects the movement of N and P, we can consider these process as the main component of the

water quality attribute.

The scientific debate on reduction and adaptation to climate change, has recently driven the
attention to the hot topic of how countries can reach net-zero emission and the capacity of forests to
partially offset this release. Although this argument is going on for a while there is still a level of
confusion in determining whether afforestation is a good or a bad way of meeting future carbon
emission targets (Matthews et al., 2020, Brown, 2020, Harper et al., 2018) especially when
peatland and carbon rich soil are considered for woodland expansion schemes (Smith, 2012,
Minkinnen et al., 2008). A number of public bodies have characterised peatland sites but this effort
was largely uncoordinated (Vanguelova et al., 2018). Carbon and Peatland Mapping (NHS, 2016)
derived from 1:250000 soil mapping validated against habitat data (Scotland’s Soils, 2018) is one
of the most commonly used dataset to identify organic soil and potential sensitivities when
afforestation planning is considered. However, in Baggio Compagnucci et al., 2021 (submitted) we
have demonstrated that carbon emissions and the potential of afforestation scheme to offset part of
the GHG can be manoeuvred by the intensity of ground preparation. Therefore, in this work, was
applied a intergovernment policy that defines soil carbon sensitivity. To achieve this, the budget for
2050 obtained in Chapter 4, was used as a hard constraint to narrow down woodland expansion

analysis where a net positive is due under climate change variations.
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The function of this chapter is therefore to introduce the methodology applied for the study of new
woodland opportunity within the Cairngorms National Park accounting for the multifunctionality
of the broadleaved and conifer afforestation sites. On the other hand this chapter outlines all the
additional data that, together with the four criteria presented in the previous chapters (Carbon
sequestration, Water quality, Flood mitigation and Functional connectivity), will be used to

investigate the potential woodland suitability in the protected area.

8.3. Additional criteria and soft constraints

The sMCA is created by integrating the results from previous chapters (from 4 to 7) while another
five baseline criteria are added. These additional layers are included in the sMCA model, but not in
the weighting process previously described. The purpose of these layers is to create more
variability in the final quantitative results, therefore they will not be altered to influence the
woodland suitability map by the weighting process but their emphasis and the reasons for being

included in the analysis are illustrated here.

8.3.1. Productive lands

The association of farmland with forest and mountain is a key ingredient of the Cairngorms
National Park landscapes, in some places the dominant ingredient. Change to these landscapes as a
consequence of declining farm management could in some places have a significant effect on the

special landscape qualities of the Park.

High-nature-value, low intensity agriculture including wood pasture and agro-forestry contribute
significantly to landscape character of the National Park. The combination of wetlands, wet
grasslands and low intensity mixed farming hosts one of the most important UK mainland sites for
breeding wading birds. Combined with careful seasonal grazing rare habitats depend on farming
and crofting, eg species-rich grasslands and aspen woodlands containing the dark bordered beauty

moth (a key species in the Cairngorms Nature Action Plan, CNPA, 2019).

Following the departure of the UK from the European Union's Common Agricultural Policy
(CAP), the future of agriculture is uncertain; it is important to ensure that the Cairngorms National
Park Forest Strategy helps to reduce conflicting objectives of securing the future of farming in the

National Park alongside new woodland creation. The culture of crofting and farming in the
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National Park needs to be maintained, while retaining the potential to market local, fresh, healthy

and environmentally sustainable farm produce.

8.3.1.1 Methods

All arable and improved grasslands were extracted form the land use baseline (See paragraph 8.4).

Legend

|| Not suitable
I suitavie

Figure 8.1. Additional criterion (map) of productive lands in CNP.

8.3.2. Non priority areas for waders

8 In this work, the Apparent Occupancy (AppOcc) value for five waders species was used,
obtained from Debbie Fielding (JHI), and referenced to the JHI technical report (Newey et al.,

2016). In the report, authors map the distribution of five species of wader; curlew, lapwing,
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oystercatcher, redshank, and snipe to illustrate how their numbers have changed between 1990 and

2010.

Maps from report, obtained in vector format, illustrating spatial variation in relative abundance,
and abundance change, were based on the outputs of predictive models. These models described
the relationship between environmental variables and either recent abundance and change in

occupancy (a measure of relative abundance).

8.3.2.1 Methods

Following method was applied to the data obtained from Newey et al., 2016 in order to give more

priority to the species that is well represented (Fig. 8.2). In particular,

* Soft Constraint layer (Fig. 8.2) was obtained as Wders soft.= SUM(AOs; * Ws_r;)

Where AOs is the Apparent Occupancy for each species i, and Ws_r is the weight for each species
calculated as Ws_r; = SUM(Rcl(1/NumC,)

where Rcl is the rescaling (from 0 to 1) function using formula (value — min) / (max — min) and

NumC;is the number of cells having Apparent Occupancy more than 0.

* Also, using the same data input, an Hard Constraint layer was defined if one or more species are

present in the Special Areas of Conservation (SAC) and Sites of Special Scientific Interest (SSSI).
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Figure 8.2. Definition of the priority habitats for wader birds.

8.3.3. Speacial Areas designed for woodland

CNP Forestry Strategy 2018 (CNPA, 2018) highlights an extra caution when considering woodland
creation in any designated site, including: SAC and SSSI.

An assessment of the suitability for woodland creation on each SAC and SSSI in the National Park
has been carried out by Scottish Natural Heritage (SNH) and a summary of the suitable areas for

woodland is listed in appendix B.

8.3.3.1 Method
This two dataset are considered a suitable area for woodland if the name of the designed site match
with the SNH assessment (appendix B), contrary the designed site is considered as an hard

constraint. The resulting layer in Fig. 8.3 shows the area of the first conditional overlap.
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Figure 8.3. Soft constraints areas defined using NSH assessment.

8.3.4. Distance from woodlands

Outwith the Cairngorms national park the landscape is very fragmented and the proximity between
similar habitats has been lost. Within the protected area the connection between similar habitats is
still relatively achievable due to their closer spatial distribution. Prioritizing areas, starting from the
closest suitable areas, and making links between fragmented sites, should greatly increase the value
(biological and economical) of existing sites avoiding to (re)create large new areas of additional
habitat. Therefore, this criterion, targets isolated patches making them functional habitat units once
again. Notably, increasing the size and connectivity of larger patches could have some positive

effect in the resilience of the woodland systems.

8.3.4.1 Method

Cells defined as forest were clumped together to define the patches of broadleaved and conifer

woodland. Form those patches, then Euclidean distance (Fig. 8.4) was calculated using the
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r.grow.distance function of GRASS-GIS (R Core team, 2020). A further elaboration of this analysis
was introduced to exponentially decreases to 0 the distance value at the point of 2000m (cutoff)

from each patch.

Wt WY &

[ Caimgorms National Park -

Figure 8.4. Maps of distance form relevant patch of native conifer (left) and broadleaved (right).

8.3.5. River buffer

The riparian zone is defined as any area adjoining the edge of a watercourse or waterbody. The
main benefits of riparian woodland are improvements to water quality, shading to reduce summer
temperatures for salmon and freshwater pearl mussel, bank stabilisation and an increase in habitat

diversity and connectivity.

Rivers and burns are natural corridors along which riparian woodland can create woodland habitat
linkages within and between river catchments. Gullies formed by upland burns can be refuges for

woodland remnants, also containing associated understory species.

Eurasian beaver is currently established close to the National Park. It is possible that beaver may
return to the National Park in the future. A significant increase in riparian woodland is needed to

ensure sufficient habitat to minimise potential impacts of future beaver populations.

8.3.5.1 Method
This layer was created by applying a 50m distance buffer (Fig. 8.5) to the whole the river network
inside GRASS-GIS (R Core team, 2020) software.
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Figure 8.5. Map of the river 50 m river buffer.

8.4. No target areas — hard constraints

Besides these additional criteria, “no target” areas were carefully excluded by the analysis because
of their bio-physical constraints (e.g. wet areas or already afforested). The existing Forestry
Strategy 2018 (CNPA, 2018), aims to strongly encourage landowners to consider more woodland
creation and natural regeneration using Scottish Forestry Grant Scheme limiting funds to where
they are needed most by mapping a ‘target area’. However, those locations are missing all the
important information that we produced in this work, such as the impact of the type of ground

preparation and the related level of carbon gain/loss due to the soil disturbance (See chapter 4).

8.4.1. Existing woodlands

The exclusionary layer was applied to mask out areas that don’t need to assess suitability for forest, since
forest is already there.
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Figure 8.6. Map of the hard constraint of existing woodland.

8.4.2. Wind limitation (Detailed Aspect Method of Scoring)

Recurring peak of winds can damage trees that are standing in high wind exposure areas, both
resulting from natural setting or due to harvesting and thinning. This is one of the most commons
natural disturbance associated with forest that can produce relevant ecological and economic
impacts (Mitchell et al., 1995).

8.4.2.1 Method

A DAMS (Detailed Aspect Method of Scoring) score equal or more than 24 (expert opinion) was
used to define the suitability for woodland. This represents the biophysical limit for tree growth
without being heavily affected by wind-throw events correlated with high frequency storm
conditions.
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Figure 8.7. Map of wind exposure threshold for limiting tree growth.

8.5. Land Cover baseline

The land cover map used in this work was obtained from the technical report (Appendix G)
developed at The James Hutton Institute as an update on work in the Strategic Research
Programme (Work package 1.4.3) (Hewitt et al., 2018). The integrated land use datasets described
in the first part of the report, have some main limitations relate to the use of mixed data from
multiple sources or data not originally intended for that purpose. Datasets such as Integrated
Adminstration and Control System (IACS) in fact are not ideally suited for land use time series
analysis providing poor information outside the agricultural classification. However, joining land
claims information to different spatial land cover datasets, even if some of them are out of date. Is
possible to obtain a highly detailed map of agricultural land uses to use as input for the InVEST
nutrient and sediment model. The extended classification, in which key crop types with known
nutrient loads are disaggregated, was more useful than the simple classification (LCM2007), since

it allows different arable cropping regimes with correspondingly different nutrient loads to be



Spatial multi criteria analysis (sMCA) - background, methods and

supporting data 112

separately modelled. In this study, the extended land use classification produced in Hewitt et al.,
2019 (number 2 of Table 8.1) was used for modelling exercise the water quality while the
LCM2007 integrated with Forestry Inventory 2015 (number 3 of Tab. 8.1) produced at JHI by

Marie Castellazzi was used as a baseline (Fig. 8.8) for land use change scenarios.

[] Cairngorms National Park Il Heath, moutain, shrubs [l Temporary imroved grassland [l Spring barley
Integrated land cover Il Water [ Permanent improved grassland [ Winter barley
[ Arable unspecified [ Built-up areas Il Oats [ Winter wheat
I Improved grassland unspecified Il Broadleaved Il Potatoes

[ Semi-natural grassland [ Conifer Il Rape

Figure 8.8. New classification obtained by the integrated land cover / land use map.



Table 8.1. Dataset obtained and produced in house by JHI.

No. Name Scale/resolution Time Accessible Description/sources Type Format Created by
periods
available

1 IACS From 1:5000 2008-15  Restricted access, IACS surveyed land parcels with area Land use information ESRI Shape file Richard Hewitt
predominant (lowlands) contact creator claimed under CAP payments system, with (spatial) Richard.hewitt@h
land use 2008-15  to 1:50000 predominant land uses assigned according utton.ac.uk

(uplands) to the extended classification (see
documentation).

2 TIACS predominant From 1:5000 2010, 2015 Restricted access, IACS surveyed land parcels with area Land use information ESRI Shape file Richard Hewitt
land use, extended (lowlands) (can create contact creator claimed under CAP payments system, with (spatial)
crops classification to 1:50000 any other predominant land uses assigned according

(uplands). date to the extended classification (see
Minimum between documentation).
mapped unitc. 2008 and
0.2ha 2015 as
required)

3 LCM2007 LCM states 2007 with  Restricted access, LCM2007 (produced by CEH), merged  Land use information ESRI Shape file, Marie Castellazzi
integrated with minimum 2015 contact creator with Native Woodlands Survey for (spatial) 25m raster Marie.castellazzi
Forestry mappable unit  woodland Scotland 2014, (@hutton.ac.uk
Commission 0.5ha, though National Forestry Inventory for Scotland
woodland some woodland 2015,
inventory data parcels may be National Forest Estate Legal Boundary for
(LCM2007w2 and smaller Scotland 2016.

LCM2007w3)

4 IACS_LCMO07w_raAs LCM2007  2007/20 10, Restricted access, IACS and LCM2007w3 merged using the Land use information 25m raster Richard Hewitt

ster 2007/20 15 contact creator ArcGIS MOSAIC tool, giving overlay (spatial)
priority to IACS.
5 TACSextended_LC As LCM2007  2007/20 10, Restricted access, IACS and LCM2007w3 merged using the Land use information 25m raster Richard Hewitt

MO7w_raster

2007/20 15 contact creator

ArcGIS MOSAIC tool, giving overlay (spatial)
priority to IACS.
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Chapter 9 - Spatial multi criteria analysis (sMCA), land
use scenarios and results

9

9.1 Introduction

The following chapter describes the undertaken sensitivity analysis using the method (WLC) and
data (criteria) described previously and outlines specific land use scenarios linked with modelled
preference of hypothetical group of stakeholders. The original design of this thesis was to include
the real orientation of a selected group of stakeholders that are directly involved in forestry
activities within the CNP (e.g. CNPA, SNH, RSPB, local communities, Cairngorms Parteneriships,
Dee Catchmebnt Partnership, Cairngorms Connect, Aberdeenshire Council, Perth&Kinross
Council, etc.) however this part was constrained by resources and time. Artificial simulations of the
preference were therefore used to drive the choices of the probable policy makers and,

consequently, the decisions for addressing afforestation and future land use changes.

The weights of importance are alternatively doubled using the weighted linear combination (WLC)
in a methodology that is simple, but reliable and valuable for a conflicting decision-making

environment.

9.2 The attribute maps (criteria)

The attribute maps (Tab 9.1) represent the (dis-)benefit score of each cell in the landscape.

Our attempt has the need to integrate both qualitative (binary) and quantitative (continuous) data,
however is important to make a distinction between spatial multi-objective problems (or models)
and the algorithms to solve the problem. This can be categorized into discrete or continuous
(Goicoechea et al., 1982). A discrete variable is limited to a fixed or countable set of values, while
a continuous variable can take on any value in a specific interval, otherwise it is a mixed model. If
all variables are discrete, the mode is a pure integer one and results are limited to few possible
options, while if the values of all decision variables are continuous the model will involve a higher

number of alternatives in a more variable While discrete measures has been tested useful for
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demonstrating a certain level of efficacy in decision-making (Ram et al., 2011; Uhde et al., 2015) ,
others studies showed that the loss of information when changing from the underlying continuous
scale to the binary outcome measure results in a loss of power to detect differences in the analyses
(Schmitz et al., 2012) because in the construction of the surrogate over continuous variables, there
is the assumption of continuity: as a continuous variable varies by a small amount, the response is

assumed to vary smoothly (Swiler et al., 2014).

In this work we addressed the discrepancy between the scale of process variables and the scale of
decision alternative by adopting a rescaling technique to increase the cohesion and efficiency of
managing data, where map attributes (criteria) with different measurement units share a common

scale in the interval (0-1).

The maps such 50m river buffer (BUF), dispersal avenues (DSA), production (PRO), waders
habitat (WAD), and conservation (CON) were classified as binary maps (0 or 100) because they
describe the presence or the absence of the service/opportunity and cannot have a continuous value,
so these maps are substantially add information whether an area is suitable or not. Priorities from
maps as the two components of water quality (WQ) (nutrient (NUT) and sediment (SED)) were
defined with the top 75™ percentile (high confidence interval) of the result from the specific
analysis. Contrary, natural flood management (NFM), carbon sequestration (CBS) and distance
from woodland (DIST) which have a continuous value were standardised (see 9.4) between 0 and

100.

9.3 Sensitivity analysis

Preference weights measured for different land management alternatives or multi-services can vary
significantly across individuals and across groups engaged (Gimona et al., 2007). Although the
original design of this thesis was to consider the involvement of decision makers and stakeholders,
this exercise was not possible due to the limited amount of resources and time available. Therefore,
a sensitivity analysis (double weighted) was used to review the various risks and changes in model
inputs. This analysis helps check five different priorities that could potentially reflect the different
emphasis of different policy makers or implementers (e.g. conservationist might favour ecological
connectivity — Priority 3). The results obtained from the sensitivity analysis verify the robustness of

the solution as a negotiation between different stakeholder interests. Priorities were defined using
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the five selected criteria (NFM, carbon, nutrient export, sediment export, and connectivity). To
simulate this, 5 different sets of weights (Tab. 9.1) were chosen. One equally weighted base model
was applied to all criteria, while in the other three scenarios, each criterion was double weighted

versus the other attributes.

To investigate the multi-functionality of the two types of forest attribute maps were combined with
the GIS-WLC. A normalisation was firstly applied to all criteria to rescale value from 0 to 100

using the formula:
K=((x—minR1)*x(maxR2—minR2)/(maxRI1—minR1))+minR2  [3]

Where K is the new attribute map, x is a generic cell value, R/ is the map to standardise and R2 is

the map to match with.

Each combination (split for broadleaved (bw) and conifer(cw)) was then obtained applying the

general formula:
Cj = (BUF*wl) + (DSA*w2) + (CBS*w3) + (NUT*w41)+(SED*w42)) *w4
+ (NFM*w5) + (DIST*w6) + (PROD*w?7)

+ (WAD*wS8) + (CON*W9) [4]

where Cj is the set of combination and wl..w9 are the weights. Note that (NUT*w41)+
(SED*w42)) represents WQ.

0.125 0.100

0.125
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0.125 0.100 0.100 0.100 0.200
0.125 0.100 0.100 0.100 0.100
0.125 0.100 0.100 0.100 0.100
0.125 0.100 0.100 0.100 0.100
0.125 0.100 0.100 0.100 0.100
River buffer BUF 0.125 0.100 0.100 0.100 0.100
Natrural flood NFM 0.125 0.200 0.100 0.100 0.100
management
Nutrient NUT
WQ | 0.125 0.100 0.200 0.100 0.100
Sediment SED
Dispersal avenues forl gy ow | 0,125 0.100 0.100 0200 | 0.100
conifer =
Conifer
Carbon sequestration CBS 0.125 0.100 0.100 0.100 0.200
Distance from conifery DIST CW 0.125 0.100 0.100 0.100 0.100
Productive lands PROD 0.125 0.100 0.100 0.100 0.100
Habitats for waders WAD 0.125 0.100 0.100 0.100 0.100
Conservation zone
designed for CON 0.125 0.100 0.100 0.100 0.100
woodland
Existing woodland EXW
'Wind limitation
DAMS) DAMS
Hard P
) Priority areas for
Constraints [y 4 WADna
Special protected
areas not designated SPA
for woodland

Table 9.1. Selected weights for combination. NUT and SED has a subdimensional weight of 0.5 each. The names of
the five sets of combinations refers to equal weighted (EQW) and to the double weighted layer.

Each resulting maps from different sets was then masked out by the hard constraint layer. The

spatial distribution of different benefits areas, for each map, was highlighted with the use of the
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final target following Scottish Government (SG) goals selecting the number of hectares that
proportionally the CNP can allocate. Those resulting maps represent where high score benefits are

located to meet the target for each combination of criteria.

Within this selection were also identified some ecosystem service bundles (Raudsepp-Hearne,
2010), which are consistently higher than the top quartile. Those represent areas with the highest
probability to achieve win-win outcomes and where potential synergies between ES are located and

solve the conflict between the potential stakeholders channelling the consensus.

Looking at the national target for woodland expansion, 450k hectares, to be reached in 2050, we
proportionally calculate the area that will be allocate to the CNP, which is ca. 43k hectares. This
expansion will project the protected area to have a woodland coverage of 161k ha, so the passage
would be from the current 15.5% to over the 21%, which fully meets the national policy targets for

woodland expansion (Scottish Government 2009; Reid, 2018, Scottish Government, 2021).

Those 43k hectares of woodland were inserted in the current land use map to simulate land use
change scenarios in the protected areas and finally the amount of carbon that can be sequestered by

2050 was estimated to compare benefits for each option.

9.4 Results of Weighted Linear Combination (WLC)

The use of the WLC in the Cairngorms National Park was carried cell by cell through raster
analysis tools for an area of 757860 hectares (total CNP surface) at 25 m horizontal resolution.
From the overall analysis, using the hard constraints layers produced previously, the pixels were
masked out, removing 513567 hectares from the combination results. Therefore, a remaining area
of 24292 hectares was left available revealing that the target to expand forest of 43000 hectares in
CNP is amply and physically possible. The application of the hierarchical weights combination
method allowed obtaining two set of suitability maps (broadleaved and conifer) of afforestation to

enhance water quality, flooding mitigation, biodiversity, and carbon stock.
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9.4.1 Equally weighted set (EQW)

In particular, the results of the equal weighted map (EQW) (Fig. 9.1) revealed a general setting of
the high scores located in the upper part of the study area along the valley of Spey river, with few
high scoring zones in the extreme southern part and a scatter pattern of medium-high values along
the valley of River Dee. Conversely, the low scores are located in central part of the study area,
mostly on the ridges between the valleys and along the slopes of the glens that connect the main
valley with the CNP plateau. The analysis of the histograms allowed to define the median (-12.709
and -13.118 for broadleaved and conifer respectively) and the lower limit (from where to start to
select the quantity of hectares to meet the 43k target). The further classification (quartiles) of the
43k hectares selected for each type of forest (Fig.9.2) however showed that excellent to high

suitability classes in EQW combination are located in the same areas both for broadleaved and

conifer, while classes from good to low migrate to separate locations.

Results of EQW weighted set
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Figure 9.1. The heat maps for EQW combination for broadleaved and conifer and the respective histograms.

Main differences in values between the two combination (broadleaved and conifer) are more

evident in the upper part of the River Dee and along the border of the lower part of the River Spey.

In total, the categorization of the target identified 45011 ha and 44943 ha for conifer and for

broadleaved, respectively, just above the limit fixed to be in line with the national goal.
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4 class distribution (quartiles) 43k ha selected from EQW_BW combination
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4 class distribution (quartiles) 43k ha selected from EQW_CW combination
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Figure 9.2. The categorization (quartiles) of EQW results of the selected 43k ha for broadleaved (above) and conifer
(below).
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9.4.2 Priority 1 — Natural flood management

The results of the double weighted NFM set (Fig. 9.3) revealed a substantial and generalised
increase of the scores compared with EQW maps. In this combination, most of the areas that in
EQW maps recorded low scores, are compensated with the double weights applied to the NFM
criteria. In fact, the layer map produced in Chapter 6 prioritised areas along the slope and just
above the head waters of the catchment start to become streams, hence, superficial runoff. This
score increment is also appreciable in the histograms with a marked migration of the median closed
to the 0 for both broadleaved and conifer, respectively calculated as -1.496 and -1.859.

Results of NFM weighted set
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Figure 9.3. The heat maps for Priority 1 combination for broadleaved and conifer and the respective histograms.
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Despite this general positive trend in scores the categorization still identify within the 43k hectares
selected for each type of forest (Fig.9.4) a quite similar pattern compared to the EQW confirming

that the values increase comprised the overall range of values.

4 class distribution (quartiles) 43k ha selected from NFM_BW combination
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4 class distribution (quartiles) 43k ha selected from NFM_CW combination
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Figure 9.4. The categorization (quartiles) of Priority 1 results of the selected 43k ha for broadleaved (above) and

conifer (below).

9.4.3 Priority 2 - Water quality

The results of the double weighted Priority 2 set (Fig. 9.5) as expected, identified, zonation of
increase values that matched with the water quality layer produced for this work. The value
increment here is localised along all the Spey valley, the lower valley of Dee and the extreme
north-east of the study area. Scattered increments in values associated with the sediment layer are
mostly located in the very central part of the study area, but being masked by hard constraints, do
not contribute to the final results. In addition, on the relative histograms, scores identified a median

of -11.201 and -11664, respectively for broadleaved and conifer.
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Results of WQ weighted set
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Figure 9.5. The heat maps for Priority2 combination for broadleaved and conifer and the respective histograms.

Most of the excellent and high suitability areas are still placed in the northern part of the study area,
with a total selection of 44729 and 44718 ha, respectively for broadleaved and conifer.
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4 class distribution (quartiles) 43k ha selected from WQ_BW combination
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4 class distribution (quartiles) 43k ha selected from WQ_CW combination
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Figure 9.6. The categorization (quartiles) of WQ results of the selected 43k ha for broadleaved (above) and conifer

(below).

9.4.4 Priority 3 — Ecological connectivity

The double weighted Priority 3 set (Fig. 9.7) showed, a similar zonation to Priority 2, with median
of -11.442 and -11.817 identified in the histograms of broadleaved and conifer. Using alternatively
and exclusively two different layers (dispersal for conifer and broadleaved) in the double weighted
exercise, resulted the increment in values to be more localised along the Spey valley for conifer,

while the increase affects more the Dee side and the connecting valleys between the two main

streams for broadleaved.

Excellent
High
Good
Medium

Low



Chapter 9 - Spatial multi criteria analysis (sMCA), land use scenarios
and results 128

Results of DSA weighted set
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Figure 9.7. The heat maps for Priority 3 combination for broadleaved and conifer and the respective histograms.

Comparing the two categorisation here, highlights how some excellent and good category are
migrating from north to south for the two type of forest because of the different setting of the
dispersal avenues layers. A selection of 44688 and 44067 ha, respectively for broadleaved and

conifer, was identified.
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4 class distribution (quartiles) 43k ha selected from DSA_BW combination
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4 class distribution (quartiles) 43k ha selected from DSA_CW combination
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Figure 9.8. The categorization (quartiles) of Priority 3 results of the selected 43k ha for broadleaved (above) and

conifer (below).

9.4.5 Priority 4 - Climate change

Finally, double weighted Priority 4 set (Fig. 9.9) showed, a general positive trend in all the zones,
however the importance of this increase is not as much as the one recognised in the Priority 1
double weighted set. Besides, the application of the double weight to the carbon sequestration
layer, seems to leave unaltered the central zone of the study area with some very low values.
Medians between broadleaved and conifer from histograms hang within the range of -8.453 and -

8.829.
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Results of CBS weighted set
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Figure 9.9. The heat maps for Priority 4 combination for broadleaved and conifer and the respective histograms.

Excellent and good categories are still placed in the upper and the lower part of Speyside, however
some extreme south-west zones can pass from medium and low to good in comparison with the
EQW categorisation. Priority 4 set have selected of 43920 and 44489 ha, respectively for

broadleaved and conifer, was identified.
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4 class distribution (quartiles) 43k ha selected from CBS_BW combination
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4 class distribution (quartiles) 43k ha selected from CBS_CW combination
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Figure 9.10. The categorization (quartiles) of Priority 4 results of the selected 43k ha for broadleaved (above) and

conifer (below).

9.5 Multifunctionality and identification of hotspots

Further zonations were carried out and are shown in Fig. 9.11. The maps show that there are
“quartet of win” (hotspots) areas within the CNP that can provide higher numbers of regulating and
provisioning services represented by the criteria used in this study. Potential broadleaved hotspots
(Fig. 9.11) are located in the left side of upper Spey valley and in the floodplain near Aviemore of
the Spey river; in the high south-facing Perthshire valleys around Ben Atholl, Spittal of Glenshee
and Glenclova; in the upper part of the River Dee catchment, along the valley of Cluny Water
(Auchallater) and the valley of the River Gairn (north of Ballater).
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Figure 9.11. Broadleaved multifunctional hotspots (always above median) and coldspots (always below the median)
derived from upper quartiles of the 4 different policy objective scenarios (Priority 1, Priority 2, Priority 3 and Priority

4, baseline scenario EQW was not included).

Most of the potential for conifer overlapped the areas already identified by broadleaved hotspots,
however some there is evidence of specific differences between the two analyses. Specifically, both
the middle slope of the upper Dee catchment (west of Braemar), along the Glen Geldie, Glen Dee
and the glen above Bynack Lodge; also along Glen Gairn and Glen Fenzie and all the border areas
along the A938 from Cock Bridge to Blairnamarrow, were suitable for enhancing the multiple

benefits of native conifer.
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Figure 9.12. Conifer multifunctional hotspots (always above median) and coldspots (always below the median) derived
from upper quartiles of the 4 different policy objective scenarios (Priority 1, Priority 2, Priority 3 and Priority 4,

baseline scenario EQW was not included).

Conversely, there are also “quartets of lose” areas (coldspots), located mostly in the central part of
the River Dee catchment and the western part of the study area, where planting schemes of new
trees are not recommended. These areas are not contributing to increase connectivity and
infiltration capacity, are areas where the effect of new forest to filter water for purification would
be limited and where net gain carbon by biomass would not be high. Additionally, these areas

accounts for preserving productive lands (arable), wader habitats and special conservation sites.

Finally, the quantity of hectares available for hotspots was calculated in order to verify if there is
enough opportunity to satistfy CNP (national proportion) target with multifunctionality. Calculation
reported a total of 112596 ha for broadleaved and 113621 for conifer, giving the decision makers a

good range of manoeuvre for woodland expansion.
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9.6 Introduction to land use scenarios

This section describes the development of quantitative, spatially explicit and alternative scenarios
of future land use in Cairngorms National Park, which were constructed to support analyses of the
multifunctionality of ecosystem services in the context of the national woodland expansion strategy
(Scottish Government 2009; Reid, 2018, Scottish Government, 2021). The description of the
following land use options introduces the concept of scenarios by defining them as “plausible
futures” for the considered landscape. This exercise was designed to investigate the changes and,
for comparison, the possible impact that could be seen as likely to occur, without being intended to
provide future predictions. To evaluate the scenarios the paradigm of “carbon offsetting forestry”
was applied. In a hypothetical context, where real stakeholders would be engaged, this allowed
have a common value to compare the scenarios from the point of view of the net quantity of carbon
sequestered by tree biomass. A number of three scenarios (A, B C) were tested, using the equal
weighting (EQW) option from the SsSMCA work described in the previous sections of this chapter.
Based on these, the land use change in the landscape was estimated and the change in potential

carbon sequestration associated to these scenarios.

Here, the 43k ha were selected from sMCA analysis results for the EQW layer (see 9.3) both for
broadleaved and conifer, those selection was then used to allocate the change to the land use
baseline (Tab 9.2). In particular we produced 3 different scenarios to simulate an exclusive tree
planting using broadleaved species (Scen A), an exclusive tree planting of native conifer (Scen B)
and a mixed tree planting using commercial conifer species (Scen C). This land use change is
equivalent to ca. 5% of the total CNP area and the main land use class affected by this change was
improved grassland. Arable and semi-natural grassland were also affected but in a smaller

proportion (ca. 1% each), whilst other land uses quantities remain constant.

A complete set of maps for each scenario and for each land use type is discussed in the following
paragraphs. A comparison of the direction of land use change for the different scenarios and land
use types shows that improved grassland land use decreases in all scenarios. The changes in
quantity are equally applied, however the original setting of the baseline indeed affected the final

results. For instance, the high concentration of conifer along the River Spey and the use of the



Chapter 9 - Spatial multi criteria analysis (sMCA), land use scenarios
and results 137

distance from woodland as a criterion, have driven the land use change to have more conifer in the

north part of the protected area.

Scenario sMCA Target woodland Perc before  Perc after Main LU lost
(%) (%)

ScenA EQW_BW Native broadleaved 2.84 8.77 Impr. grass

ScenB EQW_CW Native conifer 5.07 11.01 Impr. grass

ScenC EQW_CW Commercial conifer 5.38 11.32 Impr. grass

Table 9.2. Main characteristics and the general quantity trend of the scenarios produced.

The scenarios introduced above anticipates the concept of scenarios by defining them as “plausible
futures” for the region. This exercise was designed to investigate the changes and the possible
impact that could be seen as likely to occur, without being intended to provide future predictions.
To evaluate the scenarios produced the paradigm of “carbon offsetting forestry”” was applied. This
allowed the stakeholder simulation have a common value to compare the scenarios from the point
of view of the quantity of carbon sequestered by tree biomass due to the afforestation. The

following table 9.3 summarized the type of trees considered by each scenarios.

Scenario Common Name Latin name
Ash Fraxinus excelsior
Common alder Alnus glutinosa
Downy birch Betula pubescens
Scen A Pedunculate Oak Quercus robur
Sessile oak Quercus petraea
Silver birch Betula pendula
Wych elm Ulmus glabra
Scen B Scots pine Pinus sylvestris
Douglas fir Pseudotsuga menziesii
Scen C Lodgepole pine Pinus contorta
Sitka spruce Picea sitchensis

Table 9.3. List of the species used to calculate biomass produced applied to each scenario.
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Scenario C focussed on continuity of the traditional planting patterns (non native conifer are
currently equal the native conifer with 5.38% of the total area), with an emphasis on direct goods
such as timber. The other two scenarios concentrated on emphasise ecological services, such as

biodiversity (native trees deliver more species richness).

Scen A and B also acknowledged the importance of others indirect ecosystem services such as soil

protection, water flow regulation and carbon sequestration, and other ways to promote the health

and vitality of the whole landscape.
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9.6.1 Scenario A
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9.6.2 Scenario B
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9.6.3 Scenario C
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9.7 Scenarios results

The following maps represent the relative carbon sequestration by the tree biomass for each land
use change scenario. The carbon sequestration figures as the total net carbon were calculated using
the estimated biomass (tCO2-eq/ha) using the highest tree species YC possible for 2050 (see
chapter 4). The total sum of the new biomass was then calculated for the 43k ha of new tree
planting in each considered land use scenario. The effect of the afforestation applied is quite
evident with Scen A holding a potential to sequester 9.495 million of tonnes of carbon dioxide
equivalent (Mt CO2-eq). Interestingly, this potential decreases to 8.274 Mt CO-eq using only
native conifer in Scen B, while Scen C recorded the highest potential with 14.524 Mt CO-eq.

43k ha of new Native Broadleaved Woodland by 2050

o
o
o |
o
[32]
©
|
5 - 400
o
o _| |
o
= — 300
— 200
o
o
8 -
3 [ 100
~
_ 0
o
o
o |
o
N g
=g
]
I T | I l
260000 280000 300000 320000 340000

Potential emission removal 9.495 Mt CO2e



Chapter 9 - Spatial multi criteria analysis (sMCA), land use scenarios
and results 143
43k ha of new Native Conifer Woodland by 2050
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43k ha of new Commercial Conifer Woodland by 2050
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Figure 9.13. Carbon sequestration maps after afforestation for scenarios.

These results show that, using individual criteria, offer limited information to decision makers,
with possible detrimental (and not planned) consequences. When using weighted combinations, the
plantings are actually located preferentially in high-benefit areas. However, same areas can be
expanded with different species concluding with different results. In fact, an expansion oriented to
commercial trees (Scen C) can store the highest carbon quantity, however this option will leave
(and further increase) the isolation of the native forest habitats. Bear in mind, that 14.524 Mt CO-
eq is just 0.006% of the Scottish global annual footprint (ca. 70 Mt CO-eq) we can conclude that
such a profit in carbon sequestration is not worth increasing the isolation of native forest species

and a more conscious option (Scen A or Scen B) must be considered.

Summarising, other scenarios derived from emphasising different criteria in different ways can be

suggested. We tested, among others, three scenarios based on the social and ecological understory
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linked to the forest sector. This change leads to landscapes with differences in carbon sequestration
up to 1.5 times more (native versus non-native), but with little spatial networking and lower
ecological value. In fact, would be interesting to explore more scenarios using the real engagement
and participation of decision makers to identify where the most controversial conflict are located
and how the these actors would solve the compensatory decision rules in the context of the forestry

for climate change.
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Chapter 10 - Discussions

10

10.1 General discussion

The definition of priorities based on specific appropriate criteria is crucial in forest conservation
planning. The landscape attributes and indicators (criteria) for sustainable forest strategies can be
selected among universal recognized standards under the umbrella of “services” that can be
interpreted by local communities and decision makers either as part of mutual global effort for
regulating (carbon stock), or to search for advantages that favour specific local function (water
quality) (Mrosek, 2001). Carbon sequestration is increasingly and widely considered an important
criterion for forest planning (Krcmar et al., 2005, Diaz-Balteiro and Romero, 2003, Paul et al.,
2003). One aspect of such an approach that has been overlooked in much of the discussion
concerning carbon forest sinks, but has recently drawn more attention, is the management of
expectations for carbon uptake in the light of other forest services such as biodiversity. Choice of
species for afforestation needs to trade-off carbon sequestration with potential soil release. The
choice of tree species can enormously affect connectivity, biodiversity and understory plants with

associated wildlife species.

The carbon criterion used in this study includes the interpretation of soil preparation practice as
sensitivity but also employed a sophisticated carbon balance calculation. The paper that forms
chapter 4 of this study, has shown that to avoid a net release of carbon, accounting for spatial
heterogeneity and time evolution of tree species is crucial. Therefore, soil-based limitations need to
be considered, as well as practices to ensure that any afforestation incentives don’t produce

undesired effects.

Modelling complex ecosystem services processes is constrained by data and resources available,
therefore sometimes the application of simple models that can provide a decent level of
representation with little available data is the most sensible and pragmatic choice to follow. Such
models like IN'VEST were used to define priorities in this study, highlighting model limitations, but

containing enough information to provide the level of choice required by decision makers. Nutrient
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and sediment export results defined in chapter 5 have shown that it is possible to offer evidence for
the potential to achieve multiple objectives through targeted land use change despite the simplistic

representation of bio-physical process.

Experimental evidence from upland control plots versus afforestation areas with broadleaved
woodland, have shown that NFM measures could enhance soil infiltration rates and reduce bulk
runoff coefficients (Iacob and Rowan, 2017). Chapter 6 has shown how is possible to narrow down
the level of further investigation and apply complex modelling approaches once the strategic
preliminary analysis has defined priority areas at national scale. GIS and spatial analysis applied to
NFM was a useful tool to outline whether woodland expansion in Scotland could make a
significant contribution to tackle flood risk considering a whole-catchment approach. These results

are in line with other relevant findings from other scientific works.

It is widely recognised that habitat fragmentation is one of the major threats for biodiversity and
ecosystem conservation (Lathrop and Bognar, 1998). These threats can be exacerbated by several
land use activities such as forest management for commercial timber production with additional
impact on wildlife (Lamberson et al., 1994). The exercise of modelling ecological networks of
heterogeneous landscapes can help in understanding of such management activities on wildlife
dispersal, hence assist forest ecosystem planning process (Vuilleumier and Prelaz-Droux, 2002).
Circuit theory was applied to represent the current spatial connectivity (sensu latu) for native
broadleaved and conifer forests. While chapter 7 has not provided evidence that outcomes from the
application of Circuitscape can increase species populations, the analysis provided two proxy maps
to be used as an index to inform and address conservation issues in managed forests, such as in the

study area.

In this work, a landscape scale approach has been used with regard to the potential contribution of
woodland expansion to the overall objective of sustainable management but specifically focused on
four overarching ecological objectives, namely carbon sequestration, flooding mitigation, water
quality and biodiversity. It is necessary to bear in mind that although many national parks still
focus on conservation, the criteria and indicators for sustainable forest management are not
specifically developed for conservation planning purposes. Therefore, additional criteria, other than
those four combined in this study, were considered being relevant. The GIS-based sMCA approach

used here is so simple and flexible that any number of criteria and indicators can be employed.
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However, the planning of natural protected areas must take into account the difficulties some

stakeholders may have to express their concerns and points of view during the weighting exercise.

10.2 Limitation and comparison

Clearly, the five combinations of maps proposed for the four criteria are not exhaustive and do not
represent a universal value that can be extrapolated outside the landscape scale used in this study.
However the methods applied in this study area represent a productive effort to stimulate
discussion and help decision makers to consider valid options for planning forest in the study area.
The zonation proposed here goes well beyond the zonation made by CNP in its Forestry Strategy
2018 (CNPFS — Figure 10.1) which is based on the Native Woodland model (Towers et al., 2004)
only. The criteria endorsed here represent very important considerations in developing landscape

plans and have not been included in previous studies.

Forestry Strategy 2018 zonantion

I Preferred areas (no sensitivities)

I Potential areas (with known sensitivities)
[ Potential montane woodlands

4

Figure 10.1. Zonation from Cairngorms National Park Forestry Strategy 2018.
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Being aware that an “objective” point of view does not really exist in the forest planning procedure,
further limitations in our approach can be recognised in the choice of the use of the quartile cutoff
intervals of histograms for the definition of the hotspots. Even though this can be argued as
arbitrary, the same level of criticism could also be applied to the definition of “preferred” area in
the Forestry Strategy 2018 which assumes an indicative spatial approach and a straight direct
dependency with the single criteria used. As a matter of fact, the definition of a scored suitability
map offers, despite some overlap, a better spatial targeting of potentials for new woodland
schemes. These potentials are well represented by the multi-functional hotspots (Fig. 9.4 — 9.10)
which can help target areas for woodland expansion that be studied in detail in the field The GIS-
based sMCA thus helps to reduce costs and time involved in the early stage of the planning

process.

As well as the spatial aspect involved, this study has shown how forest planning options can be
produced to meet national greenhouse gas (GHG) emission reduction targets and be quantitatively
expressed (Mt CO2-eq/ha) allowing the incorporation of decision makers (simulated), into the
conversation. Here, the use of a compromised (EQW) scenario can represent a social consensus
that may help in preventing and reducing conflicts between the protected areas stakeholders
(private and public). This is important, because potential woodland planting areas are likely to play
an important role in the achievement of climate targets as well as the economic development.

The quantification of potential carbon sequestration with the three land use scenarios is a spatially
targeted approach which provides a way to maximise GHG reductions relative to the local context.
Hence, recommendations that go beyond simple spatial representation of sensitivities, can be
suggested to improve environmental policy measures. These kinds of progressive investigations
have been proposed as a way to reduce misunderstanding, potentially contributing to policy failure

and misuse of offsets (Brown, 2020).

An additional conclusion from this study can be made regarding the general concern when
potential carbon sequestration gains are prioritised (Scen C) through woodland planting using fast-
growing non-native species. Bear in mind that potentially all the planting scenarios produced are
likely to happen on grazing land with important socio-economic consequences and trade-offs, but
the involvement of commercial species to cover this expansion risks increasing the isolation of

native patches of forest rather than enhancing a multifunctional woodland transition.
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Chapter 11 - Conclusions & Recommendations

11

11.1 Conclusions

In this work a detailed example of transformational challenge in tackling forest multifunctionality
in the land use sector has been provided. The work presented in this thesis has shown that there is
enough space to allocate new trees in the Cairngorms National Park to help Scottish Government to
meet climate targets over the next 30 years. However, those areas that have been identified using
sMCA need to be carefully chosen to avoid a net release of carbon. For this reason, the way
suitability is defined is very important. Baggio C. et al., 2021 (submitted) highlights how crucial it
is to consider important limitations like soil type the ground preparation practices to use before

planting to ensure afforestation schemes don’t produce undesired effects.

Further, the thesis demonstrated the use of an weighted linear combination (WLC) to combine
attribute maps aiming to produce a suitability map that can simultaneously deliver water quality,
flooding control, habitat connectivity and carbon sequestration benefits. Although, we have
identified a quantity of potential multifunctional areas (hotspot) were identified, the analysis
showed also that potential trade-offs with other land uses (improved grassland used for livestock
productivity) have to be considered, confirming that a consequence of taking into account various
dimensions simultaneously means that it may not be possible to optimise all the objectives at the

same time (Munda, 2002).

With the time window narrowing for reducing global carbon emissions to safe levels (Hohne et al.,
2020) it is important to contextualise this work and its concluding recommendations. In this work,
even thought the time dimension was not specifically addressed, future ecological shifts linked to
climate change, were considered. It should also be noted that strategic plans need support from
political agenda extending over many years as forestry actions have long-lasting effect on
economic, ecological and socio-cultural considerations (Kangas & Kangas, 2005). Therefore, such
forestry strategy plans should not just cover large areas but also be monitored over long time

periods.
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In the past, the failure to heed recommendations like these has meant that woodland expansion and
climate changes targets have not been achieved (Mufioz-Rojas et al., 2015), despite national
initiative like “the right tree in the right place” (Forestry Commission, 2010). This hoped-for land
use transformation has been bottlenecked by the complex relationship between policy and planning
framework at national level. In national parks where sustainable development has started to shift
from conservation only mechanisms to a cross-sector partnerships (Forsyth, 2010), environmental
policy can be diversified in favour of local concerns, including the private sector. It is therefore
important, that forest planning frameworks goes beyond simple indications such as CNPFS, and
develop appropriate mechanisms to coordinate diverse policy goals that could offer real

opportunity for improvement.

The sMCA approach presented in this thesis, endorses this complex relationship by trying to
address challenging targets such as mitigation of climate change by comparing alternative plans in
regard to all chosen aspects of interest (criteria). Based on these comparisons, potential groups of
decision makers can make a comprehensive comparison of the alternative plans, taking into
account all the interest factors for the new forest area, and other criteria affecting the choice of the
woodland expansion plan. However, this process should be carried out through local stakeholders
consultation to avoid potential risk of failing to recognize individual opinions, needs and wishes.
This thesis has demonstrated a decision-support method for the multiple-criteria evaluation and for
the comparison of alternative forest expansion plan which can be used for further planning

exercises and analysis at a more detailed level.

Although this study has been contextualised in a policy framework which is increasingly framed in
terms of ‘multi-functionality’, the land sector in the past had real difficulties in facing the big
challenge of enhancing land use synergies and minimisinge conflicts. Poor capability land areas
were often designed to expand conservation benefits (woodland expansion) while the highest
quality areas were often protected for food production (Slee et al., 2014). In this work, we
intentionally left this focus to one side, because we think this should be specifically assessed
through a much more intense debate between stakeholders, which is not specifically the subject of
this study. However, the results from sSMCA offer the chance to slightly touch on this topic. As

previously stated, the analysis has shown that most of the suitable areas for newly planted
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woodlands are mostly represented by improved grassland, thus opening up potential for future

discussion on the land use conflicts thereby arising.

My personal concern is that recently forest ecosystems in general, and more specifically protected
areas, are receiving a lot of pressure from various fronts, because they are seen as the silver-bullet
to mitigate carbon emissions, as the solution for biodiversity conservation, as the alleviation of
flooding. The reality is that there is a very little benefit in terms of carbon sequestration that
woodlands can achieve under the current national strategic targets, and at the same time, the value
of biodiversity conservation may be not recognised as important if the individual landowners
making land use decisions are unable to capture the economic benefits. Hence, I believe that land
transformation should be realised through a more intelligent use of incentives. Defined priorities
can be achieved by introducing incentives schemes to “compensate more who deliver more”, to
those who adopt a wider and more sustainable use of the land, no matter if the land is public or
private. Within this context, the application of well developed criteria to be used in sSMCA
approaches like those showcased in this thesis can make the difference in harmonising multiple

sectors and in delivering future critical targets.
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Appendix A

The Following maps are the results of the highest YC modelled for the years and the corresponding
species. LI and ME sets indicates modelled YC using the two methods: lower-end interval and median

estimates.
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Appendix B

This appendix contains maps and relative charts of the modelled YC for each single species. LI and ME
sets indicate modelled YC using the two methods: lower-end of the confidence interval and median
estimates.
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Appendix C

This appendix contains maps of the estimated biomass (tCO2-eq/ha) using the highest YC possible for
2050 and 2070 corrected with the growth curve method.

CO2_ME_2050 CO2_ME_2070 ey
: E
s
i L
R,
- - 4 1400
1000000 = -
i L
1200
900000 |
1000
800
800000 |
600
700000 |
400
200
600000 |
0
=+05
S24+051
Soil Type
Winzral
= B=+057 Cirgano-mineral
Cirganic
MNA
Te+05
Ba+05

1=+05 Ze+05 J=+05 4=+05



Appendix D

This appendix contains maps of the estimated carbon balance between soil and tree biomass for the
two timesteps. The comparison illustrates the three soil disturbance levels where the two methods
(lower-end and median) both predict to have a positive balance (gain), both predict a negative
balance (loss) and where there is no coincidence in the direction of the balance (uncertainty).
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Appendix E

These maps summarised the hypothetical woodland expansion for 450k hectares in Scotland inserting
commercial conifer (Sitka spruce) and native broadleaved (Ash and Birch) as indicated in Tailwinds
CCC scenario. The scenario considered an expansion of the species with the highest YC for 2050 using
locations ranked by positive carbon balance (gain) in order to maximize the potential for carbon stock.
This also explains the different spatial patterns.
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450k hectares of new Commercial woodland by 2050
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Appendix F

Timber growth and tree carbon sequestration models

Tree biomass carbon stock estimations are based on timber yield tables taken from the Forest
Yield Model (FYM) (Matthews et al., 2016), considering all the yield classes available in the FYM
tables for non-thinning or intermediate thinning management regimes and initial planting distance
between 2 and 2.5 m. Timber volume growth or timber yield is estimated by forest species as
nonlinear functions that depend on yield class (YC) and age (Table S1). It is to mention, that most
yield tables do not account for trees older than 150 years (and only 80 years in case of Douglas fir),
therefore timber volume prediction function are restricted to these age ranges.

Tree biomass in branchwood and roots is estimated applying an expansion factor (¢ that converts
standing timber stock (in cubic meters (m?) ha™ y*) to carbon stock (in t CO, m?):

¢=p-¢-EF -k [1]

Where, p represents the density of timber assuming a relative humidity of 65%, which gives an
equilibrium moisture content (MC) at 20°C of approximately 12% (Morison et al., 2012); ¢ represents
the carbon content of oven dry biomass; EF the expansion factor that indicates the total volume of
aboveground tree biomass and roots in relation to the standing timber stock, and K the ratio of
molecular weight to convert C to CO, (k =3.667). The parameters p,¢ and EF differ between tree
species. In this paper we consider Morison et al., 2012 timber density estimates, a carbon content that
varies between 0.42 and 1.46 (Milne and Brown (1997), and expansion factors from Levy et al. 2012.
For Lodgepole pine we use the same conversion factors as Sitka spruce, while we use Birch conversion
factor for Ash, all Birch species and common Alder (see Table S2).

Table S1 Timber volume nonlinear models and regression parameters by species

2\ — 2\ —af’
Function: V:K'(t'YC )'e “ V:K'(I'YC )-e “
Variables European Beech & Wych SAB species®
larch elm Scot pine Douglas fir
K 06836 06475 7 06952 7 0.7365 o 0.5222 o
(0.0858) (0.0445) (0.0677) (0.0769) (0.0442)
b 1.0585 10596 7 1.0249 ™ 10050 o 1.1090 -

(0.0223) (0.011) (0.0154) (0.0159) (0.014)



AS4E- - * -
a 03 -3.71E-04 9.72E-04 1.23E-04 -3.86E-05
(4.97E-
04) (1.42E-04) (4.54E-04) (3.41E-04) (2.77E-06)
R? 0.990 0.990 0.972 0.974 0.990
N obs. 320 600 601 720 400
Function: V:K'(t'YCZ)'e_m
Variables Sitka spruce All Oak species Norway spruce Lodgepole Pine
K 00418 0.710 o
(0.0020) (0.051)
b 06607 ** 09696 10585 1.008 o
(0.0007) (0.0052) (0.0223) (0.012)
a 7.35E-03 ***  1.12E-02  -154E-03 188E-03
(8.21E-
05) (1.16E-04) (4.97E-04) (3.67E-04)
R? 0.966 0.999 0.990 0.992
N obs. 1,800 450 320 480

Notes: *p < 0.1, ** p < 0.01; *** p < 0.001. Robust standard error in parenthesis. ¥ SAB species include Sycamore-

Ash-Birch, and common Alder.

Source: Ovando (2020) for most of species except Lodgepole pine. These estimations are based on Forest Yield
Model annual production tables for all yield classes available for each species type.

Table S2 Biomass to carbon conversion parameters for forest species in Great Britain

Species Density of Carbon Timber to Root ratio Expansion factor ~ Conversion from
timber (p)in  content (¢) in above (Mroot/Mab  from timberto  standing timber to
tm3(MC  tCt? of imber ground oveground)’®  total biomass carbon (¢p)
12%") {b) biomass (EF)©
expansion (tco, m?)
factor (EF) ©
Beech* 0.689 0.46 2.226 2.226 2.587
Oak 0.689 0.46 2.226 2.226 2.587
Birch (SAB) 0.673 0.46 2.226 2.226 2.527
Douglas fir 0.497 0.42 2.230 0.260 2.490 1.906



Sitka spruce 0.384 0.42 2.230 0.410 2.640 1.561

Scot pine 0.513 0.42 2.230 0.300 2.530 1.999

Notes: *It is assumed that beech density is similar to oak.

Source: Ovando (2020) based on (a) Morison et al. (2012); (b) Milne and Brown (1997) and (c) Levy etal. (2012)

Carbon sequestration in woodland soil debris following tree planting is estimated on the basis of
the Woodland Carbon Code (WCC) look up tables (West, 2018). Where the WCC data are not
available for the yield classes predicted, YC is round up to the nearest even number of the WCC
look up tables (Table S3).

Following the WCC procedures we only consider that only 80% (assuming a 20% WCC buffer) of
tree and soil carbon sequestration as carbon that can be issued as carbon offsets. The carbon
sequestration in soil debris already cred the 20% buffer.

Table S3. Estimated carbon sequestration/release in soil debris by species and yield class (in t
CO2/ha and year)

Max Oak Birch Beech Scot pine

€  yc4 YC6 YC8 YC4 YC6 YC8  YC4 YC4 YC6  YC8 YCI0 YC12 YCl4

5 0.23 037 0.41 0.30 035 044 0.23 0.06 0.08 0.10 0.11 0.05 0.24

10 0.27 046 050 037 043 054 0.29 0.07 0.10 0.12 0.14 0.17 0.24

15 0.28 0.46 0.51 0.37 098 1.22 0.29 0.07 0.10 0.12 0.14 0.21 0.40

20 028 046 474 100 0.70 0.88 0.29 0.07 0.10 0.12 0.14 2.30 1.13

25 0.28 6.30 11.22 054 031 0.39 0.29 0.07 0.10 0.12 0.38 0.92 2.24

30 0.28 6.64 371 018 511 6.39 0.29 0.07 0.10 0.45 1.79 0.94 2.89

35 274 258 -178 241 7.03 8.79 0.84 0.07 0.25 1.30 0.20 2.82 2.62

40 274 -062 -135 509 181 226 1.40 0.07 0.40 0.08 0.83 2.37 111

45 0.75 -0.82 -0.18 183 -0.02 -0.03 0.55 1.70 0.71 0.79 2.82 0.95 0.44

50 0.53 -060 -0.86 -0.05 -0.94 -1.18 0.06 0.38 0.33 1.54 151 0.16 0.00

55 0.08 -146 -0.62 -0.80 -1.26 -1.58 -0.33 0.52 0.20 1.99 0.94 -0.28 -0.36

60 -0.34 -034 -143 -098 -134 -1.68 -1.02 0.35 1.28 0.56 0.08 -0.50 -0.46

65 -0.59 -0.11 -121 -0.76 -0.78 -0.97 -1.06 0.15 0.95 0.17 -0.26 -0.51 -0.48

70 -0.61 -0.16 -0.72 -0.85 -0.98 -1.22 -0.60 0.09 0.24 -0.20 -046 -034 -045

75 -0.39 011 -046 -0.85 -1.34 -1.68 -0.42 -0.07 0.20 -0.25 -0.43 -0.54 -0.47

80 -0.31 -1.17 -0.29 -0.85 -1.34 -1.68 -0.82 0.36 -0.42 -0.43 -0.52 -0.56 -0.51




Table S.3 continuation...

Max Douglas fir Sitka spruce Lodgepole pine

age YC8 YC10 YC12 YC14 YClé6 YC8 YC10 YC12 YC14 YC16 YC4 YC6 YC8

5 096 1.07 1.26 1.63 203 011 0.13 0.14 0.16 0.18 0.13 0.17 0.21

10 118 1.32 1.56 1.80 287 0.14 0.16 0.18 0.20 0.22 0.15 0.21 0.27

15 1.19 133 1.57 268 266 0.14 0.16 0.18 0.20 0.22 0.16 0.21 0.27

20 140 231 2.76 228 536 0.14 0.16 0.18 0.36 0.50 0.16 0.21 0.27

25 250 6.22 4.05 052 131 0.14 0.42 3.50 2.66 4.20 0.16 0.21 0.79

30 3.72 -0.08 0.58 340 174 221 141 0.73 0.54 0.46 0.16 0.76  1.366

35 -0.60 2.32 2.94 205 078 097 0.28 0.76 1.19 1.99 0.16 0.58 3.63

40 200 237 187 097 -0.65 0.92 0.74 0.49 0.86 0.65 0.84 2.93 1.66

45 1.59 0.99 0.57 0.06 -0.85 0.73 0.55 0.74 3.34 0.07 0.35 1.68 0.77

50 091 067 -0.05 -0.67 -096 0.34 -0.02 2.58 1.86 0.03 0.53 0.48 0.55

55 -0.04 -086 -0.53 -09 -1.19 -041 2.47 0.70 0.00 -0.90 1.84 0.07 -0.47

60 -0.32 -1.20 -127 -0.86 -1.02 -0.40 1.47 -0.30 -0.63 -0.88 0.87 -0.11 -0.5

65 -0.61 -149 -115 -066 -0.76 0.72 0.57 -0.61 -0.76 -0.70 0.35 -0.14  -0.35

70 -0.66 -096 -0.82 -052 -0.78 0.39 -0.35 -0.68  -0.88 -0.50 0.074 -0.112 -0.33

75 -0.70 -0.86 -0.58 -0.42 -0.56 0.00 -0.55 -0.68 -0.86 -0.44 -0.03 0.28 -0.05

80 -0.64 -060 -038 -043 -040 -0.17 -0.58 -0.59  -0.58 -0.37 0.58 -0.2 0.0

Source own elaboration based on Woodland carbon Code look up tables (West 2018).
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Lookup table to convert YC to Carbon stock in vegetation (includes above and below ground biomass) (t CO2/ha)

Species

Oak (all species)
Oak (all species)
Oak (all species)
Oak (all species)
Oak (all species)
Oak (all species)
Oak (all species)
Oak (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)
SAB (all species)

Scot pine

CodeSP Yield class

Code
1 11
2 22
3 33
4 44
5 55
6 66
7 77
8 88
1 31
2 32
3 33
4 34
5 35
6 36
7 37
8 38
9 39
10 310
11 311
12 312
1 41

5

1.85

3.63

5.38

7.11

8.83

10.53

12.23

13.92

6.28

13.56

21.25

29.24

37.45

45.84

54.39

63.07

71.87

80.77

89.78

98.88

5.76

10

6.72

13.16

19.50

25.77

31.99

38.18

44.33

50.46

13.52

29.15

45.71

62.88

80.54

98.59

116.97

135.64

154.57

173.73

193.10

212.66

15

13.94

27.31

40.46

53.47

66.39

79.23

92.00

104.72

21.09

45.49

71.31

98.12

125.66

153.82

182.50

211.63

241.17

271.06

301.28

331.80

20

23.03

45.10

66.81

88.31

109.64

130.84

151.93

172.94

28.82

62.16

97.45

134.08

171.73

210.21

249.40

289.21

329.57

370.41

411.71

453.42

25

33.55

65.71

97.36

128.68

159.76

190.66

221.39

252.00

36.59

78.93

123.74

170.24

218.04

266.90

316.67

367.21

418.45

470.32

522.75

575.71

30

45.17

88.46

131.07

173.24

215.08

256.67

298.05

339.25

44.32

95.59

149.87

206.19

264.09

323.27

383.54

444.75

506.82

569.63

633.14

697.28

11.66 17.58 23.49 29.38 35.25

35

57.58

112.76

167.07

220.82

274.16

327.17

379.92

432.43

51.92

112.00

175.59

241.58

309.42

378.75

449.37

521.10

593.81

667.41

741.82

816.97

41.08

40

70.52

138.10

204.61

270.44

335.77

400.70
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276.12

353.65
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513.61

595.59

678.70
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847.87

933.76

46.88
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243.06
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398.85

475.98

552.71
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309.53

396.44

485.28

575.75

667.65

760.82

855.12

950.46
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525.98
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64.03
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242.10

358.70

474.10

588.61
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185.78

291.27

400.74

513.26
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745.41
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1230.52

1355.18

69.67

Central scenario (average carbon sequestration in t CO2/ha) in tree biomass
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1388.49 1457.53
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Executive summary

The purpose of this technical report is to provide an update on work in the Strategic Research
Programme (Work package 1.4.3) that is collating maps/spatial datasets on land use and ecosystem
services for case study locations of Scotland’s two National Parks and Aberdeenshire River Dee.
These maps have been produced through work on agricultural land use and its impacts (e.g. Hewitt
et al 2018) and on mapping ecosystem service indicators (e.g. Gimona et al 2018), and are intended
for analysis at the whole river catchment scale or smaller.

This report provides the bridge between this earlier work of data compilation and integration in year
one and scheduled tasks for 2019, as follows:

1 Rapid analysis of broad tendencies of land use and land cover change at Scotland scale.
(Deliverable 4a)

2 Catchment-scale analysis of recent land change developments in forestry and agriculture, e.g.
for selected catchments or comparable-scale case study areas of interest to key stakeholders.
(Deliverable 4b)

We provide a brief structured description of the maps/spatial datasets presented in this report:
comprising general description, methods used to produce them, their recommended use, and their
principal limitations. The intention is that these descriptions should serve as a guide to stakeholders,
interested in using them to aid management of Scotland’s natural assets. All the datasets presented
in this report have been developed for all of Scotland. However, three study areas have been
selected to illustrate these datasets at the landscape scale.

These data form a useful basis for spatial analysis to mitigate negative land use and ecosystems
service impacts, and providing support to land managers and other policy stakeholders. However,
the datasets described do have some limitations, which we summarize below. It should be noted
that all datasets have errors, and detailed description of the limitations provided in this report
should not be taken as an indicator of poor quality relative to other sources. Rather, good practice
requires that limitations should be properly described and documented.

With respect to the integrated land use datasets described in the first part of the report, the main
limitations relate to the use of mixed data from multiple sources or data not originally intended for
that purpose. The IACS data are not ideally suited for use as a land use time series, since land parcels
record only the use claimed under the agricultural payments system, so that cessation of claims
results in the disappearance of a land use from one date to the next in a way that does not reflect
land use in reality. In addition, they provide a poor record of land use outside of the most important
agricultural areas, due to the lesser importance of these areas in the payments system.

With respect to the ecosystem services dataset described in the second part of the report, main
limitations relate to their reliance on published, rather than directly measured data, together with
insufficient resources available for acquisition of proprietary, third party data, e.g. on forest biomass,
British Trust for Ornithology bird atlas data, Land Cover Map etc.

We provide recommendations relating to future development of these integrated datasets.



1. Introduction

This technical report is part of the Strategic Research Programme (SRP) on land use change and
Ecosystem Services funded by the Scottish Government. The Natural Assets Theme of the Scottish
Government's Strategic Research Programme 2016-21 (hereafter Theme) is concerned with
identification, quantification and valuation of Scotland’s environmental assets, biodiversity and
ecosystem services. Modelling and mapping of land use change and key indicators of ecosystem
services is an essential component of this Theme. Mapped indicators could support decision-making
across land use policy priorities (such as a low carbon economy, sustainable food production and
water management) by allowing spatially explicit visioning of the land use change and ecosystem
services trade-offs. For example, they can highlight areas in which landscapes provide multiple
services and benefits, which could be protected if necessary, and areas where intervention through
a variety of policy instruments could be needed.

Modelling and mapping of land use change and indicators of ecosystem services requires adequate
spatial data on land and its resources. Though land use, agriculture and forestry data are developed
and maintained by a wide range of scientific and public bodies, including Scottish Government, the
Centre for Ecology and Hydrology (CEH) and the Forestry Commission (FC) data are not always
obtained in a form that is directly appropriate for the relevant analyses. For this reason, significant
resources have been allocated under the Natural Assets Theme for the systematization,
harmonisation and integration of large-scale spatial land use datasets from a range of sources.

The purpose of this technical report is to provide an update on research in Work Package 1.4.3 that
is collating maps/spatial datasets on land use and ecosystem services for case study locations of
Scotland’s two National Parks and Aberdeenshire River Dee. These maps have been produced
through work on agricultural land use and its impacts (e.g. Hewitt et al 2018) and on mapping
ecosystem service indicators (e.g. Gimona et al 2018) and are intended for analysis at the whole
river catchment scale or smaller.

This report therefore provides the bridge between this earlier work of data compilation and
integration in year one and scheduled tasks for 2019, as follows:

3 Rapid analysis of broad tendencies of land use and land cover change at Scotland scale.
(Deliverable 4a)

4  Catchment-scale analysis of recent land change developments in forestry and agriculture, e.g.
for selected catchments or comparable-scale case study areas of interest to key stakeholders.
(Deliverable 4b)

2. Description of datasets produced

The purpose of these sections is to provide a brief structured description of the maps/spatial
datasets presented in this report: comprising of a general description, methods used to produce
them, their recommended use, and their principal limitations. The intention is that these
descriptions should serve as a guide to available data to inform evidence-based policy on
management of Scotland’s Natural Assets. All the datasets presented in this report have been



developed for all of Scotland. However, three study areas have been selected to illustrate these
datasets at the landscape scale. These case study areas were chosen as areas of key interest to



stakeholders following national and regional level stakeholder engagement in year one. These areas
are shown in Figure 1. Maps referred to throughout the text are provided for these three study areas

in Appendices to this report.
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Figure 1: Mainland Scotland and three study areas chosen as exemplars for display of spatial
datasets. A: Cairngorms National Park; B: Grampian River Dee; C: Loch Lomond and Trossachs
National Park.

2.1 Integrated spatial land use datasets

2.1.1 Land use datasets and rationale for 2019 work programme
Since earth surface cover is a key factor in controlling erosion, water supply and climate, ecosystems
and the services they provide are highly vulnerable to land use and land cover (LUC) change
(Metzger et al. 2006, Turner et al. 2007). LUC monitoring therefore plays a vital role in
understanding these change processes and analysing, reporting, and managing their impacts on the
ecosystems that are necessary for human survival. The development of accurate, large scale LUC
datasets is an essential pre-requisite for this work.



In order to assess the potential of existing land use and land cover datasets to respond to this
necessity, a rapid survey of available datasets was carried out (Table 1). The survey (Table 1) shows



that there is a lack of large-scale (high spatial resolution) data on land use or land cover data for a

series of consecutive historical dates for Scotland. Without such a resource, the scope, nature, and

extent of analysis on land change and ecosystem services is seriously constrained. For instance,

while both CORINE land cover and Agcensus” allow a national scale understanding of agricultural

land change, and are useful for highlighting areas of concern, the information is not detailed enough

to be able to identify individual crop types, or fully evaluate the impacts of land use change on

ecosystem services. At the same time, Forestry and Woodland Inventories are available for a range

of dates at a highly detailed scale but lack accompanying data for other land use types. This makes it

difficult to obtain a good understanding of the evolution of forestry in relation to other types of land

use.

Table 1: Available data on land use/land cover for Scotland

Scotland 2016.

Dataset Creator Dates Key limitations URL
available
The Land Cover of Macaulay | 1988 Only one date available. https://www.
Scotland 1988 land hutton.ac.uk/I
(LCS88) research earning/explo
institute ringscotland/I
andcover-
scotland-1988
Land Cover Map Centre for | 1990,2000, | Not freely available (must be https://www.
(LCM) series Ecology 2007, 2015 purchased). JHI do not have Cfah.ac.uk/ser
and latest map (2015), there are vices/land-
Hydrology no plans to obtain it due to its | cover-map-
(CEH) high cost. 2007
Not recommended for
comparison of different map
dates due to different
classification criteria at each
date.
Forestry commission | Forestry 2010-15, Forest/Woodland land uses https://www.f
forestry surveys Commissi carlier only. orestresearch.
(various), e.g. Native | on gov.uk/tools-
dates also
Woodlands Survey mav be and-
for Scotland 2014, y resources/nat
) available, .
National Forestry ional-forest-
e.g. .
Inventory for inventory/
Scotland 2015, National
National Forest inventory
Estate Legal of
woodland
Boundary for
and trees




(1995-99)

Coordination of
Information on the
Environment

(CORINE)

European
Environm
ent

Agency

2000,
2006,2012

Small scale (1: 100,000 max).

Classification not well adapted
to local land cover types.

https://land.c
opernicus.eu/
pan-

Yhttp://agcensus.edina.ac.uk/




Multiple dates in a single map
not useful for change
monitoring, and likely to be
very unreliable for this
purpose.

and local european/cori
partners ne-land-cover
Agricultural census Scottish Annually Coarse grained (1km max) http://agcens
data for Scotland Executive: | from 1969 | Aggregated to parish scale, us.edina.ac.uk
(agcensus) SEERAD Agricultural land only. /
and (from
2007)
Environm
ent
Directorat
e.
Habitat Map of Scottish Nominal Land cover information (EUNIS | http://gatewa
Scotland (HabMoS) Natural date of Land Cover Scotland) is an y.snh.gov.uk/
Heritage 2015 amalgamation of many natural-
(SNH) existing sources, e.g. LCS88, spaces/datase
LCM 2000, LCM 2007, National | t.jsp?dsid=HA
BMOS
Forest Inventory etc.
https://www.

spatialdata.go
v.scot/geonet
work/srv/eng

/catalog.searc
h#/metadata/
08d85469-
bcl2-4e67-
819e-

b41ae47b039
2

To respond to these limitations in the baseline datasets available (Table 1), a range of new spatial

datasets were created by Hutton staff, either by combining information from different sources (Land

Cover Map (LCM), Forest Inventory), or by using information from other sources (e.g. Integrated
Administration and Control System (IACS) dataset) to create new spatial datasets. These are listed in
Table 2 and are described in the following sections. We describe these data as “integrated spatial

datasets” because their creation involves a process of systematic unification (=integration) of the

information in each dataset. Clearly, such a process makes the output dataset more useful for the

required objectives (analysis of catchment level natural assets), but also introduces some limitations.

These are described in detail in the following sections.




Table 2.

List of integrated spatial land use datasets

No. Name Scale/ Time Accessible Description/sources Type Filename | Format Created
resolution periods by /
available contact

1 IACS From 1:5000 2008-15 Restricted access, IACS surveyed land parcels Land use | f[year]PR | ESRI Richard
predominant (lowlands) contact creator with area claimed under CAP informati | EDOM.sh | Shape Hewitt
land use 2008-15 | to 1:50000 payments system, with on p (e.g. file Richard.h

(uplands) predominant land uses (spatial) f10PRED ewitt@h
assigned according to the OM.shp) utton.ac.
simple classification (see uk
documentation).

2 IACS From 1:5000 2010, Restricted access, IACS surveyed land parcels Land use | f1OPRED | ESRI Richard
predominant (lowlands) 2015 contact creator with area claimed under CAP informati | OM_deta | Shape Hewitt
land use, to 1:50000 (can payments system, with on iled.shp, | file
extended crops (uplands). create predominant land uses (spatial) f15PRED
classification Minimum any assigned according to the OM_deta

mapped unit other extended classification (see iled.shp

c.0.2ha date documentation).
between
2008 and
2015 as
required)




LCM2007
integrated with

Forestry
Commission
woodland
inventory data
(LCM2007w2 and

LCM2007w3 )

LCM states
minimum

mappable unit
0.5ha, though
some
woodland
parcels may

be smaller

2007
with

2015

woodlan

Restricted access,
contact creator

LCM2007 (produced by CEH),
merged with Native

Woodlands Survey for
Scotland 2014,

National Forestry Inventory
for Scotland 2015,

National Forest Estate Legal

Boundary for Scotland 2016.

Land use
informati

on

(spatial)

LCMO7v6
s2_0102

17.gdb,
LCMO7v6
s2_Wood
R2id_rast
er_25m,
LCMO7v6

s2_Wood

ESRI
Shape

file, 25m

raster

Marie
Castellaz

zi
Marie.ca
stellazzi

@hutton

.ac.uk




2 reclassifications: WoodR3id: R3id_rast
all as LCM INTCODE classes; er_25m
WoodR2id : LCM INTCODES +
8 woodland subcategories.
IACS_LCMO7w_ra | As LCM2007 2007/20 | Restricted access, IACS and LCM2007w3 merged | Land use | Integrate | 25m Richard
ster 10, contact creator using the ArcGIS MOSAIC tool, | informati | d IACS raster Hewitt
2007/20 giving overlay priority to IACS. | on simple
15 (spatial) classifica
tion (see
1, above)
and LCM
2007
with
forestry
dataset
(see 3
above)
IACSextended_LC | As LCM2007 2007/20 | Restricted access, IACS and LCM2007w3 merged | Land use | Integrate | 25m Richard
MO7w_raster 10, contact creator using the ArcGIS MOSAIC tool, | informati | d IACS raster Hewitt
2007/20 giving overlay priority to IACS. | on extended
15 (spatial) classifica
tion (see
2, above)
and LCM
2007




with
forestry
dataset
(see 3

above)




2.1.2 IACS predominant land use 2008-15

2.1.2.1 General description

The Integrated Administration and Control System (IACS) dataset, available under restricted licensing
conditions due to the sensitivity of the data, contains information on land use at the level of the land
parcel from land use declarations made by land managers as part of the requirement to receive
payments under either Pillar 1 or Pillar 2 of the Common Agricultural Policy (CAP). Maps are shown
in Appendix 1.1.

2.1.2.2 Methods

By joining land claims information (hectares of crop claimed in each parcel) to the corresponding
parcels in the spatial database using the Field_ID, it was possible to obtain a highly detailed map of
agricultural land uses claimed for each year since the first spatial database became available in 2001
until the most recent complete dataset available (2015). However, development of the spatial
database was incremental, with improvements made continuously every year, and full, high quality
coverage was not achieved until ca. 2008. To obtain a series of snapshots or “time slices” suitable for
the study of the spatial evolution of land claims over this period, maps were generated for 3 dates,
2008, 2010 and 2015. The maps were generated by summing the total land claims per parcel and
automatically assigning the predominant claim to the whole land parcel. Since the claims database
contains over 100 crop types, in the first instance data were aggregated into 10 simple classes
(Appendix 3.1).

The claims assigned to these 10 classes were checked by summing the total hectare amounts for the
new aggregate classes and comparing with the field "TOTAL_AREA". Thus 2008 and 2009 totals were
found not to match the total in the "TOTAL_AREA" column, since some of the parcels had land
classified as Land Let Out" (LLO), representing a land use unknown to or undeclared by the claimant.
Thus by adding the LLO amounts in each case, the totals have been corrected. Thus all totals listed
are correct and checked. LLO appears only in years 2008 and 2009, and in 2008 and 2009 classes for
Water, Inland_Rock and Urban are empty, as all area quantities were documented in the
Unclassified category. As of 2010, these data appear in their correct classes and Unclassified is
empty.

2.1.2.3 Recommended use

The recommended use of this dataset is to provide large-scale (i.e. detailed) spatial information on
basic agricultural land use in Scotland and its evolution over time; this could be used to show more
detailed estimates of ecosystem services and multiple benefits from Scotland’s agricultural land.

2.1.2.4 Principal limitations

In terms of the usefulness of IACS as a land use dataset, there are two key limitations that need to
be taken into account. These are: 1) Errors in GIS mapping quality; 2) assigning a single land use to
parcels containing multiple uses; 3) the source of the land use information. These are briefly
discussed as follows:

2.1.2.4.1 Errors in GIS mapping quality.



The accuracy of the spatial data is dependent on the quality of the original IACS dataset, which
contained significant errors. These errors have gradually been corrected, and from 2010 onwards



datasets no longer contain significant errors. Detailed technical description of these errors is given in
Appendix 4.1.

2.1.2.4.2 Assigning a single land use to parcels containing multiple uses.

Another potential source of error relates to the fact that land parcels often contain more than one
land use. However, since the spatial distribution of multiple land uses within each parcel was
unknown, it was necessary to choose the predominant land use in order to make the time series
maps for the three snapshot years (2008, 2010, 2015). This is described in more detail in Appendix
4.2,

2.1.2.4.3 The source of the land use information

One further key limitation with this dataset relates to the origin of the information used to classify
land use at the scale of an individual land parcel, which are claims submitted to the Rural Payments
and Services division of Scottish government under Pillar 1 of the CAP. The presence of land use on
the maps is therefore an indicator of land use, rather than an objective measurement, such as would
be obtained by classification of remotely sensed data or orthophotographic mapping. For instance,
the appearance of many new woodland areas between 2008 and 2010 is not an indicator of
woodland growth, but rather, it reflects the full incorporation of woodland payments data into the
claims database after 2008. Conversely, if a claim for a particular land use class made in one year is
discontinued in subsequent years, it disappears from the map. For this reason, IACS is a rather
unreliable source for year-on-year monitoring. The problems are likely to be most severe for non-
agricultural land use classes. Since established agricultural land is likely to remain eligible across
dates under various cropping regimes, these areas are likely to be more reliable.

2.1.3 IACS predominant land use, extended crops classification

2.1.3.1 General description

The simple crops classification adopted from the IACS simple groupings described above, e.g. arable,
temporary grassland, permanent grassland etc are too broad for many types of analysis, for
example, to understand differential nutrient export using the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) model (Sharp et al 2014). For this reason a different grouping of the
IACS individual land use codes was undertaken for this specific purpose. Maps are shown in
Appendix 1.2.

2.1.3.2 Method

This dataset was created from the IACS land claims database, in the same way as for the previous
dataset (see 2.1.1.1). As for the preceding dataset, the maps were generated by summing the total
land claims per parcel and automatically assigning the predominant claim to the whole land parcel.
To provide more detail on crop type than in the previous dataset, land claims data were aggregated
into 17 classes (Appendix 3.2).

2.1.3.3 Recommended use

This dataset provides large scale spatial information on agricultural land use in Scotland and its
evolution over time, allowing for more detailed mapping of ecosystem services. The crop categories
chosen are of particular interest for understanding nutrient retention/export.



2.1.3.4 Principal limitations
Since these data are derived from the same source as 2.1.1, the same issues noted above are also
applicable to this dataset.

2.1.4 LCM2007 integrated with Forestry Commission woodland
inventory data

2.1.4.1 General description
These data (LCM0O7v6s2_WoodR2n3.shp, or .gdb) were created in January 2017 by M. Castellazzi,
with the aim of improving the representation of woodland in the LCM2007 land cover map
(Appendix 1.3a, Appendix 1.3b). The integrated dataset incorporated the latest version (as of
January 2017) of 3 Forestry Commission datasets:

e Native Woodlands Survey for Scotland 2014 (NWSS),

e National Forestry Inventory for Scotland 2015 (NFIS),

e National Forest Estate Legal Boundary for Scotland 2016.
Maps are shown in Appendix 1.3.

2.1.4.2 Method

Two reclassifications were carried out: WoodR2 & WoodR3; both combines in order of priority:
native woodlands from NWSS + non-native woodlands from NFIS + LCMO7 classes.

In WoodR2, woodlands are subdivided as broadleaved, coniferous, woodland (unspecified type) and
clear fell (includes Failed and Windthrow categories). Note that shrubs, scrubs and most PAWS
(Planted Ancient Woodland Sites), are not included in this reclassification.

In WoodR3, all woodlands are kept in only 2 categories to fit with the original LCMO7 ‘INTCODE’
attributes: broadleaved and coniferous. Integration of the datasets was carried out in GIS software.
To limit the occurrence of small artefact polygons (slivers) when overlaying the datasets, a 10m
tolerance was used.

2.1.4.3 Recommended use

The resulting aggregate map is used to all intents and purposes as a replacement for the standard
LCM2007 spatial dataset for analyses of ecosystem service provision that are dependent on land use
inputs.

2.1.4.4 Principal limitations

The use of a 10m tolerance when integrating the data has introduced small spatial discrepancies
(<0.2% of the landscape when comparing NFIS15 woodland areas between the original dataset and
the aggregated dataset). The combination of the land use classes from the different input datasets
was designed for ecosystem services (ESS) models (e.g. INVEST), which needed to identify mature
woodlands. Further reclassification rules could be implemented to fit requirements of other studies,
e.g. taking into account shrubs or young trees.

2.1.5 IACS predominant land use integrated with LCM 2007
woodland dataset



2.1.5.1 General description

Given the limitations of the IACS data for non-agricultural land cover classes, a combined dataset
was created in which agricultural land classes (arable, temporary grassland, improved grassland)
from IACS simple classification (Section 2.1.1) were combined with LCM0O7w3 (extended LCMO7 with
Woodland inventory 2015 classification no.3) (Section 2.1.3). This was carried out for two IACS



periods: 2010 and 2015 (Appendix 1.4). This integrated dataset allowed changes in agricultural land
(from IACS) to be monitored while at the same time incorporating accurately mapped non-
agricultural land use data from LCM and the woodland inventory. Maps are shown in Appendix 1.4.

2.1.5.1 Recommended use

This dataset has a wide range of uses including land use and land cover change analysis and
ecosystem services analysis and monitoring. For example, it has been used to provide land use
inputs for the INVEST model (Sharp et al 2014) for the analysis of sediment and nutrient output (see,
e.g. Hewitt et al 2018), and will likely form the base dataset used for land use modelling work in WP

1.4. It is recommended to review carefully the limitations of this dataset before using it.

2.1.5.2 Principal limitations

In addition to the limitations previously discussed for the IACS dataset (Section 2.1.1.3), one further
limitation is that comparable land uses in each dataset do not precisely spatially coincide. The merge
operation assumes IACS to be a superior measure of agricultural land use, for this reason the three
agricultural categories from IACS take precedence over LCM categories which they overlap.
However, LCM seems to show a larger area of agricultural land than IACS, these areas will be added
to the new merged arable land category. This problem has no easy solution, since IACS is less reliable
outside of agricultural land areas, so cannot serve as a replacement, but simply removing the non-
coincident areas from LCM would create holes in the dataset. An idea of the extent of the problem
can be obtained through a cross tabulation of LCMO07 and IACS 2010 (Appendix 5.1, Appendix 5.1).
The main areas of error relate to arable and grassland which are not clearly coincident across the
two datasets.



2.1.6 IACS predominant land use extended classification
integrated with LCM 2007 woodland dataset

2.1.6.1 General description
This dataset refers to the combined dataset created as for the previously described datasets, except
that the IACS extended classification was used. Maps are shown in Appendix 1.5.

2.1.6.2 Recommended use

As for the previous dataset, this dataset was created to provide input for the InVEST nutrient and
sediment model. The extended classification, in which key crop types with known nutrient loads are
disaggregated, is more useful than the simple classification, since it allows different arable cropping
regimes with correspondingly different nutrient loads to be separately modelled. In other words,
rather than broadly estimating nutrient and sediment output for generic “arable” land, local scale
differences in nutrient export associated with individual cropping regimes can be distinguished.

2.1.6.3 Principal limitations

The main limitations of this dataset relate to the different criteria used for mapping similar classes
between the three datasets used, with the result that overlap between apparently similar thematic
categories is not exact. See the discussion for the previous dataset (Section 2.1.4.3).



2.2 Ecosystems Services maps

The ecosystem services framework is a commonly-adopted measure of the benefits that nature
provides to human well-being and quality of life (e.g. Ehrlich and Mooney 1983, Constanza and Daly
1992, Constanza et al 1997). Quantification of ecosystem services is a first step for their inclusion in
policy and decision making. Ecosystem services are commonly classified according to a hierarchical
framework that relates services to how they contribute to human well-being, known as the Common
International Classification of Ecosystem Services (CICES) (Haines-Young and Potchin 2012). This
framework, which is a refinement of the one proposed by the Millennium Ecosystems Assessment
(MEA 2005), is the one chosen by the European Union and is the classification system followed in the
work that we report on here.

Ecosystem services maps were commissioned by Scottish Government (in RD1.4.2 Gimona et al) and
developed from available data sources under the Strategic Research Programme. Maps were
prepared following the CICES classification (Haines-Young and Potchin 2012), which separates
ecosystem services into three types, provisioning services, regulating services and cultural services,
described in detail in the following sections. The maps produced are shown in Table 3.

Several of these spatial datasets/maps were produced using the InVEST suite of models (Sharp et al
2014). These are a set of openly available models that have been widely used to provide estimates
of ecosystem services worldwide, including in the UK (e.g. Nelson et al 2009, Zhou et al 2010,
Redhead et al 2016).



Table 3: Ecosystems services maps and related spatial indicators

No. Name Scale/resolution Description/sources Documentation Created
by*
Provisioning Services
1 Water 25m raster, The map, obtained using the InVEST 'water yield' model, ranks Scottish sub-catchments based on http://www.arcgis. | AG &
Supply aggregated to sub- | the total annual runoff form land. com/apps/MapSeri | ABC
catchment scale es/index.html?appi
d=alc9afe0f8594c3
da686541f8124632f
a
2 Suitability 1km Indicator of crop production, correlated with crop yield for a range of crops but is not itself a As above AG
for crop quantification of yield of individual crops. The map was produced by integrating data from the
Production Land Capability for Agriculture (LCA) analysis and 12 years of weekly time series of MODIS satellite
data that provide a measure of plant productivity.
3 Cattle 2km gridded data Gridded Agricultural Census data for cattle from EDINA (2 km resolution) were downscaled by As above AG &
Density on 25m raster redistributing recording cattle numbers at 2 km resolution onto 25 m grid cells of the land cover ABC
map.
4 Sheep 2km gridded data Data from Gridded Agricultural Census data from EDINA (2 km resolution) were down-scaled by As above AG &
Density on 25m resolution redistributing sheep on grasslands derived from LCM 2007 and on moorland habitat that supports ABC
raster their grazing.
Regulating Services
5 Water 25m raster, The map, obtained using the INVEST nitrogen retention model, ranks Scottish catchments based As above AG &
purification - | aggregated to sub- | on the total amount of nitrogen that runs off from the land but is retained before reaching the ABC
nutrients catchment scale streams.
6 Soil 25m raster, The map, obtained using the InVEST soil and sediment retention model, ranks Scottish catchments | As above AG &
retention aggregated to sub- | based on the total amount of soil that is retained before reaching the streams, including soil that ABC
catchment scale might be initially transported but is deposited later.
7 Soil Organic 1km resolution The map, at 1 km resolution, is based on estimates of soil organic carbon stocks to up to 1 m As above LP & AG
Carbon depth. The estimates were obtained by relating field data contained in the National Soil Inventory
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Stocks of Scotland (NSIS) data base, to a range of environmental variables using Digital Soil Mapping
methods. For example, topography and satellite data were used to produce the estimates for un-
sampled locations.

Pollination 100m resolution The map shows an index of pollination service rescaled between 1 (highest) and 0 (lowest). The As above LP ,AG,
index is based on 6 species of bumble bee, namely Bombus lapidarius, B. lucorum, B. muscorum, RB, RP,
B. pascuorum, B. pratorum, and B. terrestris. For each species the model had 4 main components: ES




a floral resources component (276 species), a nesting habitat component, a spatial component (to
account for flight distance) and a time component (to account for flowering of floral resources
and queen emergence). Flowering times of the species considered were obtained from several
data bases, namely Bioflor, EcoFlora, LEDA. The species geographical distributions were taken
from the Atlas of the British and Irish Flora and downscaled to 100 m (see the species richness
section for more details).

Each bumble bee species contributes to the service to flowering crops if these are within the
species’ maximum flight distance. The latter were mapped using agricultural census data from
2015.

The service is defined only in proximity of flowering crops. The latter were mapped using

agricultural census data.

Cultural Services

9 Recreation 1km resolution This map uses geo-referenced, crowd-sourced photographs as a synthetic indicator for As above MC & AG
and Amenity | (partial) intermediate cultural services such as Amenity, Aesthetics and Cultural Importance. We have
mapped the number of unique submitters to Panoramio in each 1 km square as a (partial)
indicator of the recreation service. Values (between 0 and 560 per per Km? ) are rescaled between
1 and 0 as in the other maps. The white areas did not have any uploaded photos.
10 Plant 1km resolution The plant species richness map was obtained by down-scaling the distribution of all native As above LP & AG
Species flowering species (from the Atlas of the British and Irish Flora) to 1 km. For each 10 km square of
Richness the Atlas where a species was reported present, the down-scaling was carried out as follows: we
attributed presence of the species to the broad habitats of the 25-m land cover map (LCM2007) in
which it can live. Results were aggregated to 1 km. For each 1km square the number of present
species was counted. The values were then rescaled between 1 (highest richness) and 0 (lowest).
11 Floral 10km resolution Local species richness is not a sufficient criterion to highlight areas that are important for the As above AG

Distinctivene
Ss

provision of plant diversity. It is also important to identify areas that have a distinctive species
composition and, when taken together, provide a good overall representation of the species
present in Scotland. The map, with values rescaled between 1 and 0, was obtained by using the
'Zonation' algorithm which ranks the cells in terms of their importance based on the 'global' (in
this case at the scale of Scotland) loss of species suffered if a cell is removed.

*ABC =Andrea Baggio Compagnucci; AG = Alessandro Gimona; LP = Laura Poggio; MC = Marie Castellazzi; RB = Rob Brooker; RP = Robin Pakeman, ES =

Enrico Simonetti




2.21 Provisioning Services

Provisioning services mainly comprise water, and food and fibres from the land. Functioning
ecosystems are necessary to support the production of material goods that can be consumed
directly, used for manufacturing other products or traded. The mapped indicators can be separated
into two categories:

1 Water

Fresh water is used in homes and businesses, in agriculture and in power generation. The food and
drink industry in Scotland crucially depends on water availability and quality, and the hydrological
cycle sustains terrestrial and water ecosystems including rivers, lakes, and wetlands.

2 Food and fibres

One of the most long standing human activities, often connected to identity and culture, is the
transformation of both lowland and upland ecosystems to provide food and fibres through farming.
Food production creates wealth, and has impacts on health and the condition of landscapes and
ecosystems. Livestock are a source of food and fibres. In Scotland cattle and hill and upland sheep
farming plays an important role in the balance of multiple benefits derived from the land.

2.2.1.1 Water Supply

2.2.1.1.1 General description
Water Supply —runoff. See:

http://www.arcgis.com/apps/MapSeries/index.html?appid=alc9afe0f8594c3da68654f8124632fa

The map, obtained using the InVEST 'water yield' model?, ranks Scottish sub-catchments based on
the total annual runoff form land. We estimated how each sub-catchment contributes annually to
runoff production.

To produce this map, data were gathered from the literature, or generated our own spatial
estimates, of average annual precipitation, how much water is lost (transpired) by different
vegetation types, soil depth, soil water content available to plants, land use and land cover, and
elevation. All original values (between 670 and 6400 m? per ha) were re-scaled between 0 and 1: the
closer the values are to 1 the higher the runoff. Values close to 0 are at the lower end of the scale,
but they don't mean that no run off occurs. Values close to 0 are at the lower end of the relative
scale, but they don't mean that no run off occurs. There is a clear East-West gradient, reflecting
topography and climate.

2.2.1.1.2 Recommended use
The main purpose of this dataset is to provide input data for analyses of water provision, shortages
and needs.




% http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/
reservoirhydropowerproduction.html



2.2.1.1.3 Principal limitations
The maps are based on average precipitation values taken over multiple years, and individual annual
variability is not accounted for.

2.2.1.2 Suitability for Crop Production

2.2.1.2.1 General description
Suitability for crop production. See:
http://www.arcgis.com/apps/MapSeries/index.html|?appid=alc9afe0f8594c3da68654f8124632fa

This map depicts an indicator of suitability for crop production, which is correlated with crop yield
for a range of crops but is not itself a quantification of yield of individual crops. The map was
produced by integrating data from the Land Capability for Agriculture (LCA)? analysis and 12 years of
weekly time series of MODIS satellite data that provide a measure of plant productivity. High LCA
class labels indicate low potential for production (e.g. 7 is the lowest level of production). To
produce this map, areas with land capability scores of 3.1 and below (i.e. with better potential for
crop production) were classified as 'High' potential if they also had consistently high MODIS
productivity over the 12 years (i.e. if their potential productivity was being realised); otherwise they
were classified as 'Medium'.

Areas with land capability between 3.2 and 4.2 were classified as 'Medium' if they had high MODIS
productivity otherwise they were classified as 'Low'. All areas with land capability poorer than 4.2
were classified as having 'extremely low' crop production potential. In this map, a wide range of
crops expecting good yields can be cultivated commercially on high potential areas, while a more
restricted range of crops can be cultivated commercially on areas of low potential.

2.2.1.2.2 Recommended use
As an indicator of suitability for crop production to be used in future analyses.

2.2.1.2.3 Principal limitations
The indicator relates to suitability only, and does not provide figures for actual yield.

2.2.1.3 Cattle Density

2.2.1.3.1 General description
Cattle density. See: http://www.arcgis.com/apps/MapSeries/index.htm!?

appid=alc9afe0f8594c3da68654f8124632fa

The map is based on gridded Agricultural Census data, and can be used to provide a broad scale
impression of the pattern of production. The Agricultural Census is conducted in June each year by
the Scottish government. Each farmer declares the agricultural activity on the land via a postal
questionnaire. One of the products derived from this census is a gridded data set produced by the
Edinburgh University Data Library (EDINA)*.

® http://www.hutton.ac.uk/learning/exploringscotland/land-capability-agriculture-scotland



% http://agcensus.edina.ac.uk/




Values ranged between 0 and 4 per ha. The map shows values of cattle per ha rescaled between 0
(very low density) and 1 (highest density). Gridded Agricultural Census data for cattle from EDINA (2
km resolution) were downscaled by redistributing recording cattle numbers at 2 km resolution onto
25 m grid cells of the land cover map. The land cover map used was LCM 2007.

The greatest density of cattle is in Dumfries & Galloway, with high density also in Ayrshire, some
areas of Grampian and of the Highlands. Grasslands used by cattle on farmland tend to occur where
crop cultivation is limited by climate, slope, or wetness.

2.2.1.3.2 Recommended use
To provide a broad scale impression of the pattern of livestock production for cattle, to help identify
areas at risk of suffering negative impacts from livestock concentrations.

2.2.1.3.3 Principal limitations
The main problem relates to the low spatial resolution of the original data, which were aggregated
to 2 km resolution for data protection purposes.

2.2.1.4 Sheep Density

2.2.1.4.1 General description
Sheep density. See: http://www.arcgis.com/apps/MapSeries/index.html?

appid=alc9afe0f8594c3da68654f8124632fa There are ca 6.8 million sheep in Scotland with Scottish

annual meat production around 61,000 tons.

Values ranged between 0 and 220 sheep per squared km (2.2/ha). The map shows values of sheep
per ha, rescaled between 0 (very low density) and 1 (highest density). As for cattle, data from
Gridded Agricultural Census data from EDINA (2 km resolution) were down-scaled by redistributing
sheep on grasslands derived from LCM 2007 and on moorland habitat that supports their grazing.

The highest sheep density is in the Scottish Borders, Dumfries and Galloway, Aberdeenshire, and
some areas of the Highlands.

2.2.1.4.2 Recommended use
To provide a broad scale impression of the pattern of livestock production for sheep, to help identify
areas at risk of suffering negative impacts from livestock concentrations.

2.2.1.4.3 Principal limitations
As for cattle density, above (Section 2.2.1.3.3).

2.2.2 Regulating Services

Regulating Services refers to the beneficial regulatory functions carried out by ecosystems.
Functioning ecosystems undertake processes that are beneficial for society; for example, regulation
of water and soil quality through natural purification, pollination, climate regulation, disease and
pest regulation. These benefits are generated through the interactions among living and non living
elements of the ecosystems: for example water purification derives from soil organisms' activity and
from the mechanical ability of soil and vegetation to trap and transform nutrients, pollutants and/or
and pathogens.



2.2.2.1 Water purification - nutrients

2.2.2.1.1 General description
Water purification - Nitrogen Retention. See: http://www.arcgis.com/apps/MapSeries/index.html?

appid=alc9afe0f8594c3da68654f8124632fa

The map, obtained using the InVEST nitrogen retention model®, ranks Scottish catchments based on
the total amount of nitrogen that runs off from the land but is retained before reaching the streams.
The model uses the amount of nitrogen loaded on each land use type, calculates the annual average
water runoff, and then it computes the quantity of nitrogen retained by each pixel based on the land
use efficiency (expressed as the percentage of load that will be retained) and on how the water is
routed through the landscape. By the routing process the model calculates how much of the
nitrogen loaded on land reaches stream and how much is retained. It then aggregates the values to
the sub-watershed level. As in the case of Water Supply, the values in the map were re-scaled
between 0 and 1 and the same interpretation applies, with 0 being interpreted as a value indicating
lowest relative nitrogen retention.

The map shows more nitrogen was added to agricultural areas, compared to non-agricultural areas,
leading to greater levels retained and exported.

2.2.2.1.2 Recommended use
This indicator is principally useful for understanding the retention of nutrients at the sub-catchment
scale.

2.2.2.1.3 Principal limitations
Interaction with groundwater level, transformation during the routing made by soil, bacteria or the
interaction of the water with biophysical processes were not considered.

Nutrient loads were based on tables published by DEFRA, not measured in the field. Clearly, future
work should consider obtaining more accurate estimates using field measurements. Since the data
were aggregated to sub-catchments the provide no information on individual variation within the
sub-catchment itself.

2.2.2.2 Soil retention

2.2.2.2.1 General description
Soil Retention. See: http://www.arcgis.com/apps/MapSeries/index.htm|?

appid=alc9afe0f8594c3da68654f8124632fa

Soil is associated with a wide range of essential functions, such as plant and crop growth, regulating
the amount of water flowing into rivers, storing carbon. Vegetation provides a vital service by
retaining soil. This benefits both terrestrial and aquatic systems. The map, obtained using the INVEST
soil and sediment retention model®, ranks Scottish catchments based on the total amount of soil

> http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/ndr.html
® http://data.naturalcapitalproject.org/nightly-build/invest-users-guide/html/sdr.html



that is retained before reaching the streams, including soil that might be initially transported but is
deposited later.

The retention service provided by vegetation cover is higher where topography and climate pose
more risk of erosion. Before estimating retention, the model uses the Universal Soil Loss Equation
(USLE), which integrates information on vegetation cover, soil properties, topography, rainfall and
climate data to estimate soil erosion from a grid cell.

2.2.2.2.2 Recommended use
To highlight differences in soil retention provision across Scotland and areas at greatest risk of
erosion, allowing potential mitigation option to be considered (e.g. tree planting).

2.2.2.2.3 Principal limitations

The soil retention service mapping is not very reliable for peat soils. Slope is the main factor which
influences the soil formation and the quantity of material available to be moved from original areas
and transported downstream.

2.2.2.3 Soil Organic Carbon Stocks

2.2.2.3.1 General description
Soil Organic Carbon Stocks. See: http://www.arcgis.com/apps/MapSeries/index.htmlI?

appid=alc9afe0f8594c3dab68654f8124632fa

Soil is an important carbon sink, and globally soil stores two to three times more carbon than the
atmosphere. In Scotland, there is often two to four times more carbon in the soil than in the
vegetation. By sequestering carbon that would otherwise contribute to greenhouse gases, soil
organic carbon contributes to mitigation of climate change. The map, at 1 km resolution, is based on
estimates of soil organic carbon stocks to up to 1 m depth. The estimates were obtained by relating
field data contained in the National Soil Inventory of Scotland (NSIS)” data base, to a range of
environmental variables using Digital Soil Mapping methods (Poggio and Gimona 2014). For
example, topography and satellite data were used to produce the estimates for un-sampled
locations. The values, ranging between 60 and 1500 tons per ha, are re-scaled between 1 (highest)
and 0 (lowest). The highest values occur on peatlands in the Highlands and the Hebrides. The total
carbon stocks estimated for Scottish soils were around 3000 Mt.

2.2.2.3.2 Recommended use
This indicator offers a useful approximation of the total carbon sequestration capability of Scotland’s
soils.

2.2.2.3.3 Principal limitations
Stocks were only measured down to a depth of 1 m. Peatland soils in many areas are much deeper,
so the 3000 Mt figure is certainly too low.




7 http://www.hutton.ac.uk/about/facilities/national-soils-archive/resampling-soils-inventory



2.2.2.4 Pollination
2.2.2.4.1 General description

Pollination. See: http://www.arcgis.com/apps/MapSeries/index.html?

appid=alc9afe0f8594c3da68654f8124632fa

Healthy populations of pollinators are important for food security and for the reproduction of
numerous species of wild plants. Some pollinators, especially bees, are declining, either because
they lack specific resources, such as flowers and nesting habitat, and/or because multiple risk
factors, including pesticides and climate change, are reducing their numbers. The map shows an
index of pollination service rescaled between 1 (highest) and 0 (lowest). The index is based on 6
species of bumble bee, namely Bombus lapidarius, B. lucorum, B. muscorum, B. pascuorum, B.
pratorum, and B. terrestris. For each species the model had 4 main components: a floral resources
component (276 species), a nesting habitat component, a spatial component (to account for flight
distance) and a time component (to account for flowering of floral resources and queen emergence).
Flowering times of the species considered were obtained from several data bases, namely Biolflor?,
EcoFlora®, and LEDA™. The species geographical distributions were taken from the Atlas of the
British and Irish Flora'* and downscaled to 100 m (see the species richness section for more details).
Each bumble bee species contributes to the service to flowering crops if these are within the species’
maximum flight distance. The latter were mapped using agricultural census data from 2015. The
service is defined only in proximity of flowering crops. The latter were mapped using agricultural
census data. High levels are predicted in areas like the Spey valley and in the upland-lowland
transition, where flowering and nesting resources are more available, while many lowland areas,
more intensely farmed, have relatively low levels of pollination service. While bumble bees are good
indicator species, more pollinators could be used in the future to have a more complete picture of
the service.

2.2.2.4.2 Recommended use

Provides an estimate of the degree of pollination service potentially available to agricultural areas,
and a measure of the extent to which this service may be negatively impacted by farming or other
land use practices.

2.2.2.4.3 Principal limitations

The main limitation of this indicator is that it does not account for other pollinators, such as
butterflies and hoverflies. The value of this indicator would be increased by repeated sampling at
frequent intervals, enabling a picture of pollination service change over time to be obtained.

2.2.3 Cultural Services

The precise definition of cultural ecosystem services (CES) is still being debated, and therefore it is
challenging to decide what aspects of CES to map. The Millennium Ecosystem Assessment defined
cultural ecosystem services as “the nonmaterial benefits people obtain from ecosystems through
spiritual enrichment, cognitive development, reflection, recreation, and aesthetic experiences”,

& http://www.ufz.de/index.php?en=38567

° http://ecoflora.org.uk/

Y https://uol.de/en/biology/landeco/research/projects/leda/
" https://www.brc.ac.uk/plantatlas/




while the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES)
points out that a sense of cultural identity is needed for good quality of life. It is broadly agreed that
CES are intangible, and linked to identity, meaning and experience, and this makes them both
difficult and important to assess. Mapping all CES is not always possible or necessary. However, we
have tried to map some indicators of recreation and amenity, and we have placed biodiversity
among cultural services, emphasising its importance for human cultural fulfilment. This does not
deny the important, but poorly understood, role of biodiversity in ecosystem functioning.

2.2.3.1 Recreation and Amenity

2.2.3.1.1 General description
Volunteered Photographs. See: http://www.arcgis.com/apps/MapSeries/index.html?

appid=alc9afe0f8594c3da68654f8124632fa

Photo-sharing services, such as Panoramio*?and Flickr*® provide geo-referenced crowd-sourced
photographs. A partial indicator of recreation service provision was obtained by mapping the
number of unique submitters from several thousand contributors to Panoramio in each 1 km square.
Values (between 0 and 560 per per Km?) are rescaled between 1 and 0 as in the other maps. The
white areas did not have any uploaded photos. The map shows the highest density along the Great
Glen, the Spey valley, on the mountains of the Cairngorms National Park, and in some urban areas.
While the submitters are self-selected, introducing potential bias, the high number of unique users
(several thousand) is an advantage over rigorous surveys, with number of participants one or two
orders of magnitude higher than the typical survey. Understanding the spatio-temporal patterns of
photo contributions will allow us better to assess the suitability of these data for mapping recreation
and amenity.

2.2.3.1.2 Recommended use

These photos can provide valuable information such as identifying travel routes and tourist hot
spots. It can be argued that they provide a synthetic indicator for intermediate cultural services such
as Amenity, Aesthetics and Cultural Importance.

2.2.3.1.3 Principal limitations

The crowd-sourced geo-referenced photographs are a self-selected sample from individuals who
choose to submit photographs. It does not account for the preferences of other users who have
visited these or other locations but not submitted a photograph. Factors like accessibility of the
photographed locations are also influential but have not been controlled for. Work to address these
limitations is ongoing (Baggio Compagnucci et al 2018).

2.2.3.2 Plant Species Richness

2.2.3.2.1 General description
Plant Species Richness: See http://www.arcgis.com/apps/MapSeries/index.html?

appid=alc9afe0f8594c3da68654f8124632fa

2 https://www.panoramio.com/
B https://www.flickr.com/



This is an indicator of biodiversity, which, as explained above, in this context is related to cultural
and spiritual fulfilment. Although biodiversity in general is believed to have an important role in
ecosystem processes, we have not been able, so far, to investigate this aspect at the scale of
Scotland. The plant species richness map was obtained by down-scaling the distribution of all native
flowering species (from the Atlas of the British and Irish Flora) to 1 km. For each 10 km square of the
Atlas where a species was reported present, the down-scaling was carried out as follows: we
attributed presence of the species to the broad habitats of the 25-m land cover map (LCM2007) in
which it can live. Results were aggregated to 1 km. For each 1 km square the number of present
species was counted. The values were then rescaled between 1 (highest richness) and 0 (lowest). On
the map, a lowland-upland and a North-South gradient can be observed. The richest areas are in
uplands of Dumfries and Galloway, Lothians, Perthshire, and in the Spey valley. Montane areas and
bogs tend to be less diverse (but often have a distinctive flora) because fewer species can tolerate
conditions there. It should be noticed that plant species richness is not necessarily correlated with
the richness of other taxa. Therefore, further work is needed to produce an indicator of overall
species richness.

2.2.3.2.2 Recommended use
Serves as a partial indicator of biodiversity across different areas of Scotland.

2.2.3.2.3 Principal limitations

The use of species richness as a biodiversity indicator has a number of well-known limitations,
including differential sampling effort and variability in species abundance (Gotelli and Colwell 2001).
Aside from these general limitations, plant species richness is poorly understood at the macro scale.
At the same time, lack of information on other species (e.g. for birds), due to the high cost of
obtaining the data, acts a major barrier to obtaining an overall indicator.

2.2.3.3 Floral Distinctiveness

2.2.3.3.1 General description
Floral Distinctiveness: See:

http://www.arcgis.com/apps/MapSeries/index.html|?appid=alc9afe0f8594c3da68654f8124632fa

This is another indicator of biodiversity, and therefore related to cultural and spiritual fulfilment.
Local species richness is not a sufficient criterion to highlight areas that are important for the
provision of plant diversity. It is also important to identify areas that have a distinctive species
composition and, when taken together, provide a good overall representation of the species present
in Scotland. The map, with values rescaled between 1 and 0, was obtained by using the Zonation
algorithm (Moilanen 2007) which ranks the cells in terms of their importance based on the 'global’
(in this case at the scale of Scotland) loss of species suffered if a cell is removed.

The more distinctive the contribution, the higher the importance of a map square. If a species were
present in only a small area, that area would be deemed irreplaceable. The footprint of 10 km
squares of the floral Atlas is still clearly visible; therefore, borders between areas of different value
are sharper than in reality. Notice that the areas of high distinctiveness have to be conserved
together because they have complementary species composition. Therefore, while map squares



with high distinctiveness might not have a particularly high local diversity, they provide a distinctive
contribution to the overall set of plant species present in Scotland.

2.2.3.3.2 Recommended use
Serves as a partial indicator of biodiversity across different areas of Scotland.

2.2.3.3.3 Principal limitations

The main limitations of this indicator relate to the use of plant species only. Further future work
could include further indicators that encompass more species of vertebrates and invertebrates, and
provide a more complete picture.

3 Discussion and Recommendations

The above overview has provided a concise summary of the integrated spatial datasets recently
developed under RESAS WP 1.4.2 and 1.4.3 on land use and ecosystem services for the whole of
Scotland, we have presented these for the two National Parks and for the Aberdeenshire River Dee.
These spatial datasets have potential to support evidence-driven policy making around adaptive and
integrated land management in these areas. These data form a useful basis for analysis aimed to
mitigating negative land use and ecosystems service impacts, and providing support to land
managers and other policy stakeholders. However, the datasets described do have some limitations,
which we summarize below. It should be noted that all datasets have errors, and detailed
description of the limitations provided in this report should not be taken as an indicator of poor
quality relative to other sources. Rather, good practice requires that limitations should be properly
described and documented.

3.1 Integrated spatial land use datasets

The integrated land use datasets suffer from a range of limitations inherent in the use of mixed data
from multiple sources or data not originally intended for that purpose. The IACS data are not ideally
suited for use as a land use time series, since land parcels record only the use claimed under the
agricultural payments system, with the result that cessation of claims results in the disappearance of
a land use from one date to the next in a way that does not reflect reality. In addition, they provide a
poor record of land use outside of the most important agricultural areas due to the lesser
importance of these areas in the payments system. Integration of these datasets with the Land
Cover Map for 2007 is also fraught with difficulties, since broadly equivalent thematic categories in
each of the datasets do not coincide spatially, meaning that combining the two datasets introduces
errors from each and multiplies the level of uncertainty. Additionally, some of the data used (e.g.
LCM 2007) are outdated. Clearly, integration with a more recent land cover map (LCM 2015) would
be more desirable, yet this is at present unavailable to the James Hutton Institute due to its high
cost.

3.2 Ecosystems Services maps

Limitations of the individual ecosystems services maps have been described above and will not be
repeated here. Overall, the main limitations of the ecosystems services dataset as a whole relate to
its reliance on published, rather than directly measured data, together with insufficient resources
available for acquisition of proprietary, third party data, e.g. on forest biomass, BTO Bird Atlas data,



Land Cover Map etc. Additionally, several indicators relate to environmental variables undergoing
constant change, e.g. pollination, biodiversity; these would be more useful as part of an ongoing
monitoring programme rather than as a standalone collection of maps.

3.3 Suggestions for future work to address these
limitations

A number of recommendations can be made relating to the future development of these kinds of
integrated datasets and acquisition of the base datasets that facilitate such development. In
particular:

1 We recommend the development of a land use and land cover time series for Scotland
(updated at least at decadal intervals) using a single methodology and thematic classification.
Though such a task is well within the technical capabilities of the JHI, it requires a long-term funding
commitment. The difficulty of securing this commitment in the past has meant that LCS88,
developed by the then Macaulay Land Research Institute, has remained as a single time snapshot,
severely compromising its usefulness for change monitoring.

2 In terms of ecosystems services and natural capital mapping generally, aspirations for
understanding the evolution of Scotland’s natural capital and services flowing from it need to be
matched by appropriate data collection campaigns. Effective monitoring of Scotland’s land-based
natural capital would require a considerable sampling effort over many years, similar to that carried
out by environment agencies on the water environment. Although it is expensive, this cannot be
avoided if estimates of change are needed with a degree of uncertainty low enough to be useful for
policy. In the short term, significant improvements can be made with relatively minor investment,
e.g. collecting data on livestock nutrient production and spreading (on land) from Scottish
catchments, instead of relying on published data from DEFRA.

4 Next steps

The datasets developed provide a springboard for a series of land-based analyses beginning in
November 2018. These include (but are not limited to) the following (where these relate to specific
aspects of the delivery framework, the WP number is given):

4.1 Analysis of land use and land cover change in case study areas (WP 1.4.3)

4.2 Analysis of land cover change in relation to land capability (WP 1.4.2)

4.3 Modelling land use change scenarios for agriculture and forestry in Scotland under
Representative Concentration Pathways (RCPs) storylines (WP 1.4.2)

4.4 Investigation of trade-offs in natural Protected areas (e.g. Cairngorms National Park)

4.5 |dentification of ecological connectivity for broadleaved and coniferous woodland

4.6 Work to improve the quality of cultural ecosystems services, e.g. integration of Flickr with
other user-created photographic datasets, and improved methods for determining
landscape attractiveness.
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9 Appendices

Appendix 1: Maps of integrated land use datasets
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IACS simple classes 2008 and LCM 2007 with woodland inventory
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IACS simple classes 2010 and LCM 2007 with woodland inventory
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|ACS simple classes 2015 and LCM 2007 with woodland inventory
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IACS extended classes 2010 and LCM 2007 with woodland inventory
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|ACS simple classes 2008 and LCM 2007 with woodland inventory

Aberdeenshire River Dee catchment

Land use in selected area (%)

Urban |

Suburban ||

Saltwater |

Rough grassland [
Mentane Habitats [I——

Inland Roek |

Heather grassland
Heather
improved_and_temporary
Froshwater
Fen, Marsh and Swamp |
Coniferous woodland
Calcareus Grassland |

Breadleaved woodland
Bo

Arable unspecified
Acid grassland

@ 8

804

% of area

B Acid grassland 1 Fen, Marsh and Swamp = Montane Habitats
W Arable unspecified W Freshwater B PRough grassland
W Bog m land_imp: _and_ y W

B Broadleavad woodland B Haathar W Suburban

B Calcarsus Grassiand B Heather grassland W Urban

B Coniferous woodland B Inland Rock

IACS simple classes 2010 and LCM 2007 with woodland inventory

Aberdeenshire River Dee catchment

Land use in selected area (%)

Urban |
Suburban I
Saltwater |

Rough grassland I

Mantane Habitats _
Inland Rock

Heather grassland
Heather
improved_and_temporary
Freshwator
Fen, Marsh and Swamp |
Gonitercus woodiand I

Calearsus Grassiand |
Broadleaved woedland

i
Arable unspecifie
Acid grassiand
o 53 -

% of area

20+

B Acid grassland 1 Fan, Marsh and Swamp m Mentane Habitats
W Arable unspecified B Freshwater B PRough grassland
W Bog u land_imp |_and_t -

W Broadleaved woodland B Heather B Suburban

B Calcareus Grassland B Heather grassiand B Urban

W Coniferous woodland O inland Rock
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|ACS extended classes 2010 and LCM 2007 with woodland inventory IACS extended classes 2015 and LCM 2007 with woodland inventory
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Appendix 2: Maps of ecosystems services
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