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Resilience Management in Social-Ecological Systems: Developing a New
Evolutionary Approach. A Case Study - The New Forest National Park
by Sarah Jane Pogue
Social-ecological systems are complex, dynamic systems with strong interdependencies between
their ecological components and the social actors that depend upon and shape them. They are
characterised by resilience, multiple stable states and adaptive capacity and are constantly
exposed to variable environmental conditions. These characteristics vary across space and time
as does the supply of the ecosystem services they provide. Whilst such systems and their
characteristics are well documented from a conceptual and theoretical standpoint, the
quantitative examination of social-ecological interdependencies and their impacts on system
dynamics has been less extensive. Furthermore, studies of historical service delivery are rare, as
most provide a ‘snapshot in time’ of present-day service provision.
The present study adopts an ‘evolutionary’ approach to explore long-term system change in the
New Forest National Park, a complex social-ecological system with a millennia-long history of
human-environment interaction. Palaeoecological records, historical maps, documentary evidence
and instrumental records are used to examine past dynamics and ecosystem service provision in
order to better comprehend contemporary processes and dynamics. There is a particular focus
on the last 400 years and the Park’s ancient pasture woodlands. Dynamic system modelling is
used together with historical records to examine in more depth the potential future evolution of
these woodlands. Using this approach, we aim to answer the question: ‘Can the New Forest
social-ecological system support multiple and potentially conflicting uses whilst remaining
resilient to (undesirable) environmental and societal changes?’
Results show that when social and ecological influences have exceeded their historic range of
variability, this has frequently resulted in drastic system change. Declines in traditional
management practices related to the ancient commoning tradition, and a shift towards more
intensive large-scale land-use strategies such as forestry, together with anthropogenic climate
change and sustained high grazing pressure from Commoners’ stock, have been important factors
influencing the extent, composition and structure of the Park’s habitats and its ancient pasture
woodlands in particular. In the coming decades, continued high grazing pressure and extreme
weather events are likely to be amongst the main challenges faced by the Park. These may lead
to widespread regeneration failure in the pasture woodlands and, in the long-term, canopy
collapse, opening up of the landscape, and a shift from woodland to grassland in some areas.
These insights show the need to achieve a balance between multiple uses of this landscape and to
consider the potential impacts of climate change in future management strategies.
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Chapter 1

Introduction
1.1

Background

The present study examines the landscape history of the New Forest social-ecological
system over the last 400 years within an ecosystem services framework, with a particular
focus on the Park’s Ancient & Ornamental pasture woodlands. The main aim is to
understand how the natural and cultural components of this system have interacted over
this time period, and how such interactions have impacted upon the ability of the
landscape to deliver a range of services. This framework will allow us to assess trade-offs,
synergies or co-benefits, and interactions between services under different land-use
scenarios and different environmental conditions. In terms of a decision-making context,
this may permit us to inform landscape management strategies which will enhance the
system’s ability to provide multiple services. This involves a number of approaches
including the analysis of time series data to represent ecosystem service flows and driver
trends, multi-temporal map analysis for the construction of land-cover time series, and
the quantitative reconstruction of vegetation cover using pollen records. Complex
systems modelling is then used for the integration of these multiple data sources and the
examination of the evolution of the ancient pasture woodlands over the AD1600-2084
period.

1.2

Project aims and research questions

The current research has the following main aims:
- To gain a greater understanding of how the modern-day social-ecological system has
developed as a result of the combined effects of past natural and cultural influences;
- To understand to what extent drivers of change, when they exceed their historical
range of variability, can impact certain elements of the system;
1
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- To explore the effectiveness of a multi-disciplinary approach in examining past, present
and future system change and system resilience.
Overarching research question: Can the New Forest social-ecological system
support multiple and potentially conflicting uses whilst remaining resilient to
(undesirable) environmental and societal changes?
Specific research questions:
RQ1. What are the principal social-social, social-ecological and ecological-ecological
relationships in the New Forest social-ecological system?
RQ2. Are there evident trends in land-use and land-cover (LULC) change in the New
Forest over time, how do these changes relate to human activities and non-human
drivers, and what are the consequences for ecosystem service delivery?
RQ3. Are there evident trends in societal and environmental drivers and ecosystem
responses in the New Forest social-ecological system over time?
RQ4. To what degree is the New Forest social-ecological system resilient to internal and
external pressures, and how could the capacity of the system to deliver ecosystem
services change in the future under a range of scenarios?

1.3

Thesis structure

This thesis consists of 10 chapters in total, with chapters 2 and 3 providing the
background to the study and chapters 4-8 detailing the various methods employed to
answer my research questions, the results obtained using these methods, and
methodological issues. Chapter 9 discusses the significance of the results within the
context of the study and existing relevant literature and in relation to the research
questions and project aims. Chapter 10 outlines the conclusions reached, methodological
issues and limitations, and potential future research directions. A more detailed
description of the main contents of each chapter is provided below.
Chapter 2. Theoretical Background
Chapter 2 provides the background to the study and defines and outlines the main
concepts involved, as well as their significance for the case study region. These concepts
include social-ecological systems (SES), ecosystem services (ES) and their use as a
framework for examining change in complex SES, resilience theory, complexity science,
long-term trends and the ‘evolutionary approach’ to systems dynamics, and the
exploration of future scenarios as a means of examining potential future change in a
system.
Chapter 3. A Case Study: The New Forest National Park
Chapter 3 introduces the New Forest National Park (NFNP) as the case study
social-ecological system. This includes a description of its physical attributes as well as
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the characteristics that define it as a social-ecological system or cultural landscape, and a
brief description of the Park’s Ancient & Ornamental pasture woodlands.
Chapter 4: Historic Map Analysis: Two Centuries of Land-cover Change
Chapter 4 is the first methodology and results chapter, and provides some background to
multi-temporal map analysis as a means of reconstructing past land-use and land-cover,
and the links between land-cover and ecosystem service delivery. It goes on to outline
the methodologies adopted to estimate the area of the main broad land-cover types in
the New Forest from historical maps dating from the late 1700s to the present-day. It
then presents the results of this analysis and any methodological issues and limitations.
Chapter 5: REVEALS: Reconstructing Past Land-cover in the New Forest
Chapter 5 also focuses on historic land-cover change, albeit using a different
methodology to that used in Chapter 4. This chapter addresses the use of pollen records
to reconstruct historic land-cover, as well as the limitations of ‘traditional’ pollen
interpretation techniques for this purpose, and the role of the REVEALS (Regional
Estimates of Vegetation Abundance from Large Sites) model in overcoming some of these
limitations. This is followed by a description of REVEALS, the methodology employed
in this study, and a presentation of the results which describe regional land-cover and
vegetation composition for the New Forest over the last 10,750 years. There is a
particular focus on the last 400 years and a ‘pre-disturbance’ time window at 6,000 cal yr
BP (calibrated years before present).
Chapter 6: From Past to Present: Historic Trends in the New Forest
Chapter 6 provides an overview of those historic records not examined in Chapters 4 and
5 (e.g. documentary evidence, instrumental records), which can be used to examine past
landscape change, how such records can be used as direct or indirect proxies of ES flows
and drivers of change, and a discussion of the importance of these records to illustrate
those landscape changes not revealed by maps and pollen-based land cover
reconstruction. This is followed by the methodology adopted to gather, compile and
analyse these datasets and the results obtained.
Chapter 7: Carbon in the New Forest
Chapter 7 focuses on carbon storage as a regulating ecosystem service. Estimates were
obtained for present-day terrestrial carbon stocks in the New Forest and used, together
with the historic land-cover time series reconstructed in Chapters 4 and 5, to examine
the potential consequences of historical land-cover change for carbon storage in the Park.
Chapter 8: A System Model of the New Forest Ancient & Ornamental
Woodlands
Chapter 8 focuses on complex systems modelling, and serves to draw together the
knowledge and data compiled in the previous four chapters to construct a dynamic
system model for the Park’s Ancient & Ornamental woodlands. This model is first used
to retrospectively model the principal dynamics in these woodlands over the last c. 400
years. Following this, it is used to prospectively model the system under a range of

4
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plausible future scenarios from the present day to the 2080s. This chapter includes a
description of the modelling software used (STELLA® ), an overview of the model, its
parameters, parameterisation and validation and the model outputs.
Chapter 9: Discussion
Chapter 9 discusses the results obtained in Chapters 4-8 and their significance in relation
to each of the research questions posed. It also addresses the utility of the techniques
adopted in examining long-term change and system dynamics in complex social-ecological
systems, and the applicability of this approach in informing present and future strategies
for the sustainable management of protected area social-ecological systems.
Chapter 10: Conclusions
Chapter 10 revisits and summarises the principal findings from the study, the
contribution of the work to its field(s) of research, highlights the main problems and
issues encountered, and makes recommendations for future research directions.
The relationships between the overall research question of the thesis, the more specific
research questions, the various methodologies employed in this study, and the expected
outcomes are depicted in Figure 1.1.

RQ 1: What are the principal socialsocial, social-ecological and ecologicalecological relationships in the New
Forest SES?

Chapter outcomes:
Methods:
 Literature review
 Stakeholder consultation

Chapter 3

RQ 2: Are there evident trends in
land-use and land-cover (LULC)
change in the New Forest over time,
how do these changes relate to
human activity and non-human
drivers, and what are the
consequences for ES delivery?

RQ 3: Are there evident trends in
societal and environmental drivers and
ecosystem responses in the SES over
time?

RQ 4: To what degree is the New
Forest SES resilient to internal and
external pressures and how could the
capacity of the system to deliver ES
change in the future under a range of
scenarios?

Methods:
 Multi-temporal map analysis
 Pollen-based vegetation
reconstruction
 Carbon stock assessment

Methods:
 Collection and trend analysis of
historical datasets

Chapter outcomes:
Chapter 4
Chapter 5
Chapter 7

 Creation of land-cover time series
 Quantification of changes in LULC
and vegetation composition
 Determination of per area ES
provision for NF broad habitat types

Chapter outcomes:
Chapter 6

 Determination of the direction and
magnitude of change of ES flows and
drivers of change over time

Chapter outcomes:

Methods:
 Development of ancient
woodland model using STELLA®
and data gathered in ch. 4-7
 Exploration of future scenarios
using STELLA® model(s)

 Identification of principal humanenvironment interactions
 Identification of main ES and drivers
of system change over time
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Overarching research question: Can the New Forest SES support multiple and potentially conflicting uses
whilst remaining resilient to (undesirable) environmental and societal changes?

Chapter 8

 Quantification of relationships
between drivers of change and
ecological resources
 Estimation of future changes in
woodland extent, structure and
composition
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Figure 1.1: Depiction of the relationships between the research questions, methods, chapters and research outcomes.

Chapter 2

Theoretical Background
2.1

Man and the environment: an introduction to
social-ecological systems

A Social-Ecological System (SES) can be defined as: “a bio-geo-physical unit and its
associated social actors and institutions. Social-ecological systems are complex and
adaptive and delimited by spatial or functional boundaries surrounding particular
ecosystems and their problem context” (Glaser et al., 2008) - cited in Becker (2012, p.
49). Such systems are the product of past interactions between their human and
non-human components, and are composed of multiple ecological resources and social
actors connected by social-to-social, social-to-ecological and ecological-to-ecological
interdependencies. These interdependencies operate at a range of spatial and temporal
scales (Gunderson, 2000; Folke, 2007; Bodin and Tengö, 2012). Furthermore, SES are
characterised by a number of properties including complexity, dynamism, resilience,
adaptive capacity and multiple stable states (Gunderson, 2000) and are constantly
exposed to variable environmental conditions (Anand et al., 2010).
Resilience represents the extent to which a system can withstand shocks and
disturbances and still maintain the same functions, processes, structures and feedbacks
(Elmqvist et al., 2003; Walker et al., 2004, 2006). ‘Shocks’ or ‘disturbances’ can include
land-use change, climate change, pollution events, natural disasters, species extinctions
etc. This concept is antithetic to that of ecosystem vulnerability and stems from the idea
of limits, i.e., the range of values of a single or several drivers of change acting in concert,
within which the system can remain in a ‘desirable’ state and avoid crossing a ‘critical
threshold’ or ‘tipping point’ (“a breakpoint between two regimes of a system” (Walker
and Meyers, 2004)) into an ‘undesirable state’. This concept of limits was addressed by
several notable publications in the 1970s and 1980s including ‘The Limits to Growth’
(Meadows et al., 1972) and the Brundtland Report (UN World Commission on
Environment and Development, 1987, Part I, Section 3) which stated that “the concept
7
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of sustainable development does imply limits - not absolute limits but limitations
imposed by the present state of technology and social organization on environmental
resources and by the ability of the biosphere to absorb the effects of human activities”.
Ecological resilience was first described in the literature by Holling (1973), although
since then multiple definitions and interpretations of this term have been proposed
(Gunderson, 2000). The concept of resilience acknowledges the inherent dynamic nature
of social-ecological systems, which can operate within a “range of conditions that would
be expected under the natural disturbance regime” (Froyd and Willis, 2008, p. 1725),
and can withstand internal and external pressures as long as they remain within certain
limits of tolerance that determine the degree of resilience of the system. When
examining the resilience of a system, it is important to ask ‘resilience of what to what?’
(Carpenter et al., 2001), that is, to identify vulnerable elements or aspects of the system
and the specific threats with which they are faced. The more resilient the system, the
larger the disturbance it will be able to absorb without undergoing a regime shift to an
alternate, potentially less desirable state. Such a state may have a reduced capacity for
ecosystem service delivery or a reduced capacity to deliver those services most highly
valued by society.
A number of factors are important in determining the degree of resilience of a system to
environmental change, including the type and magnitude of the disturbance, land-use
change, biodiversity through functional and response diversity, and the capital available
to enable recovery (Gunderson, 2000; Elmqvist et al., 2003). Resilience can be affected
by the system’s ‘adaptive capacity’ which “reflects the potential to implement planned
adaptation measures and is, therefore, concerned with deliberate human attempts to
adapt to or cope with change” (Metzger et al., 2006, p. 75). The potential of human
activities to modify the resilience of a system is related to the fact that in many
social-ecological systems human actions dominate. Human actions with respect to
resilience management of a particular system will be dictated by the properties of the
system that society is interested in maintaining, and consequently whether resilience and
vulnerability are viewed as desirable or undesirable (Cumming et al., 2005), which is
dependent upon people’s perceptions and values at any particular point in time.
Whilst social-ecological systems and their characteristics have been well documented
from a conceptual and theoretical standpoint (Folke et al., 2002; Folke, 2006), the
quantitative examination of social-ecological interdependencies, and the impacts of these
interdependencies on the structure and performance of the system has been less
extensive (Carpenter et al., 2001; Janssen et al., 2006; Bodin and Tengö, 2012). This is
due to the inherent complexity of such systems and the difficulty of measuring attributes
such as resilience, vulnerability and adaptive capacity, which are not directly observable
phenomena. Some confusion also derives from the large number of definitions and
interpretations of some of these concepts, e.g. vulnerability to climate change, which is
fundamentally a measure of possible future harm, has been defined, interpreted and
measured in a wide variety of ways (Hinkel, 2011; Wolf et al., 2013). Definitions and
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interpretations of vulnerability derive from three main conceptual lineages - risk/hazard
or biophysical approaches, political-ecological and/or political-economic frameworks, and
ecological resilience (Eakin and Luers, 2006). Within the context of the present study,
this last interpretation of vulnerability is adopted, through which vulnerability is seen as
a characteristic of social-ecological systems.
The quantitative investigation and measurement of SES properties can be achieved by
means of complex system/network models (Beier et al., 2008), surrogates for resilience
(Carpenter et al., 2005) and models of the dynamics of adaptive capacity (Carpenter and
Brock, 2008). In terms of the system’s resilience to the multiple pressures that impact
upon it, Carpenter et al. (2005) suggested the use of surrogates for the measurement of
this characteristic, which can include stakeholder assessment, model explorations,
historical profiling and case study comparison. In the context of the present study,
historical profiling and complex system modelling will be employed to investigate system
change over time, to examine trends in ecosystem service delivery, and to identify system
properties which may be related to resilience.

2.2

Ecosystem services: a framework for measuring change
in complex SES

The widespread incorporation of the term ‘social-ecological system’ into scientific
research and literature represents a broader evolution in how we have come to think
about our relationship with the world around us, and our dependence and impacts upon
ecological systems. Perceptions of our place in the world have progressed from the idea
of humans as residing outside of nature and as being distinct from nature, to that of
people being an integral part of the natural environment which we affect and are affected
by. This recognition has driven us to examine exactly how and to what extent we have
affected ecosystems in the past and present, and of how we may continue to do so in the
future. Concerns regarding human impacts upon the environment were first raised by
George Perkins Marsh in his 1864 book ‘Man and Nature; or, Physical Geography as
Modified by Human Action’, a publication that led to a drastic change in people’s
attitudes towards the environment not only in the United States but also around the
world, and whose main messages are still relevant to the present day (Lowenthal, 2000).
Somewhat analogous to Marsh’s book in terms of its impact was the explosive
publication of Rachel Carson’s ‘Silent Spring’ almost a hundred years later in 1962, a
book often credited with launching the modern environmental movement. In the six
decades which have elapsed since ‘Silent Spring’, there has emerged a new-found
awareness that human activities can have long-lasting, far-reaching and often unseen
consequences, which must be taken into account in order to assure the sustainable
management of our natural and semi-natural ecosystems. Dunlap and Van Liere (1978)
argued that the human population was undergoing a transition from the dominant social
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paradigm or DSP, the traditional, western mode of thought that is resource exploitative,
growth-orientated, consumptive and materialistic with little concern for nature
(La Trobe and Acott, 2000), to a new environmental or ecological paradigm (NEP),
which focuses on beliefs about humanity’s ability to upset the balance of nature, the
existence of limits to growth for human societies and humanity’s right to rule over the
rest of nature (Dunlap et al., 2000). Since the 1960s, a multitude of national and
international conferences and treaties, from the 1972 Stockholm Conference to Rio+20
and from the RAMSAR Convention to the Kyoto Protocol, testify to the increasingly
urgent need to develop strategies for sustainable land and resource exploitation.
The nature of human relationships with the environment, both positive and negative,
can be examined within the framework of ecosystem services, a concept that links
ecosystem functioning to human welfare. The most oft quoted definition of ecosystem
services is that put forth by the Millennium Ecosystem Assessment (MA): “the benefits
people obtain from ecosystems”, which classifies these services as supporting, regulating,
provisioning and cultural (Millennium Ecosystem Assessment, 2005, p. v). Ecosystem
services arise out of the multiple interactions that occur in complex systems, and the
level at which they are delivered is a function of the capacity of the system to provide
them and the drivers of change that alter this capacity. The ecosystem services concept is
inherently anthropocentric - in the absence of a human beneficiary there is no ecosystem
service - thus making its application particularly appropriate to social-ecological systems.
Although strictly speaking ecosystem services do not exist without a human beneficiary,
it is also possible to discuss the ES provisioning capacity of an ecosystem or ecological
resource. The multiple ecosystem services delivered by an SES are utilised by a range of
beneficiaries whose interests, attitudes and preferences vary over space and time. The
particular interests of these different beneficiaries can dictate whether or not a specific
service is intermediate or final, as well as determine management priorities.
Just as social-ecological systems are complex and dynamic, so too is the supply of the
services they deliver, as pressures on the system change over time and trade-offs,
synergies and interactions between different services occur (Rodríguez et al., 2006;
Bennett et al., 2009; Fisher et al., 2009; Koch et al., 2009; Smith et al., 2013). In
social-ecological systems, where people have long lived off the land, the over-exploitation
of natural resources via numerous mechanisms is often a fundamental cause of
environmental stress. Lindenmayer and Cunningham (2013, p. 1100) define an
over-committed landscape as “one in which resources are exploited at a level that
undermines the key ecosystem services needed to support the replenishment of that
resource”. The effects of the over-exploitation of natural resources in combination with
other disturbances can undermine the ability of the system to maintain biodiversity and
deliver ES. Beier et al. (2008) discuss spatial and temporal coupling between ecosystem
provision, use and disturbance. In their model the increasing human use of services often
leads to a parallel increase in disturbance; feedbacks from disturbance affect service
provision through the depletion of resource stocks, leading to a subsequent reduction in
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the regenerative capacity of the system needed to maintain service delivery - see Figure
2.1.
The evolution of the ecosystem services concept and the rapid growth of this field of
research has been documented by Gómez-Baggethun et al. (2010). Although the
economic analysis or valuation of the environment dates from the 17th century, the
concept of ecosystem services as we understand it today was first introduced by Erlich
and Erlich in 1981 (Gómez-Baggethun et al., 2010). Since then, the use of the ecosystem
services approach as a means of examining and quantifying anthropogenic environmental
and ecosystem change has grown exponentially (Raffaelli and White, 2013). This reveals
the increasing importance of a holistic approach to environmental and ecosystem
management, and the rapidly growing popularity of the ecosystem services approach as a
means through which this may be achieved. Global recognition of the ecosystem services
concept came with the publication in 2005 of the Millennium Ecosystem Assessment, a
document which served to describe the state of the world’s ecosystems and trends in the
supply of services from these systems. Since its publication, various authors have sought
to provide more precise and operational ecosystem service frameworks. Of these, one of
the most widely utilised is that proposed by Fisher et al. (2009, p. 645): “ecosystem
services are the aspects of ecosystems utilised (actively or passively) to produce human
wellbeing”. This system distinguishes between intermediate ecosystem services, final
ecosystem services and the resulting benefits that are directly consumed by humans. The
MA was followed in 2011 by the UK National Ecosystem Assessment (UK NEA), which
served the same purpose at the UK scale. The UK NEA uses the MA classification and
then breaks it down further into ecosystem processes or intermediate ecosystem services “intrinsic ecosystem characteristics whereby an ecosystem maintains its integrity [and
which] support all life, and, by definition all other services”; final ecosystem services “the outcomes from ecosystems that directly lead to good(s) that are valued by people”;
and goods - “all use and non-use, material and non-material outputs from ecosystems
that have value for people”, as per the Fisher et al. (2009) framework (UK National
Ecosystem Assessment, 2011, p. 1453).
As the ecosystem services literature has expanded, more precise definitions and
classifications of ‘welfare accounting units’ and ‘ecosystem accounting units’ have been
sought to enable the accurate measurement of ecosystem service delivery. These
standardised ‘units of account’ can take the form of either the ecological
units/service-providers (SPs) needed to deliver ecosystem services, i.e., individual species,
communities, functional groups, interaction networks, habitat types or landscapes (e.g.
Luck et al. (2009)), or the final ecosystem services themselves - “components of nature,
directly enjoyed, consumed, or used to yield human well-being” (e.g. Boyd and Banzhaf
(2007, p. 619)). Either or both of these approaches can be utilised to quantify human
and environmental impacts upon ecosystems, the services they deliver, and subsequently
human wellbeing. It is important to understand how incremental changes in service
providers both in terms of habitat area and characteristics can affect service provision, to
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Figure 2.1: Conceptual model of social-ecological interactions in managed systems.
Source: Beier et al. (2008)

allow informed choices when a range of potential land-use options are available, and to
avoid undesirable trade-offs and maximise synergies in service provision. It is also
important to understand the dynamics of service providers and how interactions between
the different elements of a system can affect service provision.
In the UK as elsewhere, social-ecological systems and their ability to deliver ecosystem
services have responded to a range of societal and environmental pressures. These drivers
of ecosystem change are natural or human-induced factors that either directly or
indirectly cause ecosystem change and affect delivery of a single or multiple ecosystem
services. They can be either direct, i.e., those which explicitly affect an ecosystem, or
indirect, i.e., drivers which operate more diffusely through their effects on one or more
direct drivers (Millennium Ecosystem Assessment, 2005). The MA and UK NEA classify
these drivers as follows:
Table 2.1: Classification of direct and indirect drivers of system change

Indirect drivers
Demographic changes
Economic growth
Sociopolitical changes
Cultural and behavioural changes
Advances in science and technology

Direct drivers
Land conversion/Habitat change
Climate change
Nutrient enrichment and pollution of air,
land and water
Invasive alien species
Overexploitation of terrestrial, marine
and freshwater resources

Source: adapted from Millennium Ecosystem Assessment (2005) and Winn et al. (2011)
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Complex social-ecological landscapes are typically multifunctional, i.e., they
simultaneously provide multiple benefits to different sectors of society (Mastrangelo
et al., 2014). The investigation of environmental and ecological constraints upon the
provision of multiple ecosystem services at the landscape scale is a priority research area.
It underpins the development of integrated ecosystem management strategies, the
sustainable future supply of ecosystem goods and services, and the maintenance of
biodiversity. These, in turn, are essential for the maintenance of human well-being in the
face of ongoing demographic, cultural and climate change (Lavorel et al., 2011; Maskell
et al., 2013).

2.3

The ‘evolutionary’ approach: a holistic examination of
change in social-ecological systems

A comprehensive understanding of how social-ecological systems function and deliver
ecosystem goods and services requires knowledge of past system behaviour (Dearing
et al., 2012a), and the application of a system dynamics approach. The latter is based on the
idea that complex phenomena can be better understood by examining system behaviour
over time via system dynamic models, which examine the relationships between key
variables (Doerr, 1996). Understanding past pressures upon complex cultural landscapes to
examine the potential impacts of future environmental change and management strategies
is both a difficult task and a priority area of research (Antrop, 2005; Edwards, 2005; Dearing
et al., 2010). Obtaining a long-term perspective on landscape dynamics is crucial, as
different processes act over timescales of minutes to centuries, and the relative importance
of different influences on the system varies at different points in time and space. The study
of system change over long timescales must use data that either directly or indirectly
indicate past patterns of ecosystem service flows, biodiversity and trends in drivers,
although these data are often scarce or incomplete (Maskell et al., 2013).

The examination of system change over space and time, and the use of this information
to construct a system dynamic model, can be achieved by means of an ‘evolutionary’
approach. This uses long-term records to assess the impact of past disturbances upon
dynamic systems, and their responses to such disturbances, to better comprehend
contemporary and future processes and dynamics, as well as the ability of the system to
provide certain goods and services. This approach can involve a number of disciplines
including environmental history, economic history and historical ecology. All of these
need to be integrated for a thorough understanding of the historic transformation of a
landscape’s social and ecological systems (Gaillard et al., 2009; Angelstam et al., 2013),
and to disentangle the effects of different drivers of change across spatial and temporal
scales. Such investigations are useful from a conservation and sustainability science point
of view, as they can allow us to apply knowledge of past ecosystem responses to
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present-day environmental issues. They also allow us to examine the historical provision
of ecosystem services, a less frequent approach as most ecosystem service studies provide
a ‘snapshot in time’ of present-day service provision (Fisher et al., 2008), leading to a
lack of information regarding the impact of previous landscape change on the delivery of
services.
Numerous data sources have been employed as either direct measures or proxies of
ecosystem service delivery over time, including palaeoecological and palaeoenvironmental
records (Dearing et al., 2012b), documentary evidence, direct measurements/observations
from monitoring programmes (Beier et al., 2008), and land-cover time series (Lawrence
et al., 2004; Jiang et al., 2013). These approaches extend the period of record, and allow
the examination of long-term trends and rates of change, slow and fast processes,
synergies, trade-offs and interactions between multiple ecosystem services and their
drivers, and complex system behaviour (Dearing et al., 2010; Wang et al., 2012).
Long-term perspectives can also yield a more accurate picture of the ‘natural’ state of
the system than short-term ecological and environmental data. They allow us to
recognise, and where possible quantify, the role of humans in the evolution of such
systems, the extent to which the present-day system is a product of past anthropogenic
activities, and to identify the types of activities and disturbances that are necessary to
maintain cultural landscapes (Froyd and Willis, 2008).
It is important to view past human activities not solely in a negative light, where people
have inevitably caused a loss of ‘naturalness’ in the system, and a subsequent reduction
in the capacity of the system to sustain ecosystem processes and provide ecosystem
goods and services. We must acknowledge that human actions can also maintain or
increase the ecosystem service provisioning capacity of a system, and can result in the
creation of landscapes that we value highly today for the services they provide and the
biodiversity they contain, e.g. mountain systems in Northern Europe (Olsson, 2005) and
ancient woodlands in the British Isles (Edwards, 1986). Thus, long-term perspectives on
system development can be crucial for the development of more effective land
management, conservation and restoration strategies (Froyd and Willis, 2008; Renberg
et al., 2009), which do not aim solely to recreate or restore a perceived ‘natural’
vegetation state, but which also incorporate past cultural influences on the landscape
(Rackham, 2008; Brown, 2010; Hjelle et al., 2012).

2.3.1

Long-term perspectives and ecosystem services

The variety of methods available for the quantification and mapping of ecosystem
services is diverse and has been documented and reviewed elsewhere, e.g. Crossman et al.
(2012), Egoh et al. (2012) and Crossman et al. (2013). However, such studies are often
limited by a paucity of data that can be used, either directly or indirectly, as indicators
of ecosystem service flows and driver trends (Maskell et al., 2013). In the present study,
the issue of data scarcity is particularly relevant, as information on land-cover, ecosystem
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service delivery and driver trends are needed not only for the present day, but for the c.
AD1600 to present-day time frame under examination. Long-term documentary evidence
and instrumental records have previously been used to analyse system dynamics and
trends in service provision and drivers of system change in SES in a variety of contexts,
and using a variety of sources including both quantitative and qualitative data. For
example, stakeholder interviews and secondary data were used to examine SES dynamics
in South Africa’s pelagic fishery and southern Crete by Jarre et al. (2006) and Kizos
et al. (2014) respectively. Published historical accounts were employed to examine the
political, economic and social changes experienced by forest communities in the northern
Bolivian Amazon region (Zenteno et al., 2014). Long-term records have also been used to
identify certain characteristics of social-ecological systems such as regional tipping
points, demonstrated in the Lower Yangtze Basin using official statistics (together with
lake sediment records) by Zhang et al. (2015). Perry et al. (2011) used multiple records
to identify coping responses at short time scales and adaptive responses at longer
timescales in marine SES. Mix et al. (2015) employed multiple records, covering variable
timescales between 1852 and 2007, to examine the effects of changes in the main drivers
of system change in the Upper Rio Grande-San Luis Valley social-ecological system.
In the absence of more direct measures, commonly used proxies for ecosystem service
delivery are land-use and land-cover (LULC). Crossman et al. (2013) state that this is
one of two principal methods generally employed in the estimation of ecosystem service
provision in a landscape, the other being modelling of the biophysical processes and
functions underlying ES provision. Land-use and land-cover are inextricably linked with
the capacity of a landscape to deliver a wide range of ecosystem services, as well as its
ability to maintain biodiversity. Land and resource management strategies often lead to
a trade-off between the provision of different ecosystem services, as management to
augment the supply of one or a group of services frequently leads to a decline in the
ability of the system to deliver others. Conversely, the opposite can occur, where
synergies exist and activities to increase the supply of one service can lead to an
increased supply of another.
Of the many driving forces that have wrought change in the UK’s ecosystems, land-use
change is arguably the most important. This has typically occurred for the conversion of
natural and semi-natural land to agricultural land, particularly across lowland Britain,
followed by the progressive intensification of agricultural practices in these lands (Winn
et al., 2011). Land-use and land-use change can have significant consequences for the
supply of ecosystem services and land-use decisions need to consider the provision and
value of these services (Bateman et al., 2013). Fisher et al. (2008) have highlighted the
potential role of land-cover time series data in assessing the delivery of ecosystem
services and biodiversity across a landscape over time, particularly in the absence of
other records that can act as either direct measures or proxies of ecosystem service
delivery (Crossman et al., 2013). However, in data-scarce situations, the use of proxies,
including land-cover, can prove problematic, and is not always an adequate substitute for
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direct indicators/primary measurements of ecosystem service provision, can affect
correlations between ES, and are unlikely to capture fine-scale variation in ecosystem
service provision (de Bello et al., 2010; Eigenbrod et al., 2010a,b; Lavorel et al., 2011;
Crossman et al., 2012). They also fail to provide information on the underlying
mechanisms that drive ecosystem service delivery (Lavorel et al., 2011). Furthermore,
not all land-use and management actions that may impact upon service delivery can be
visualised on land-cover maps (Bennett et al., 2009) and not all parts of the landscape
are equal in terms of ES provision due to variations in topography, soil type,
management practices etc. (Lavorel et al., 2011).
In this study, LULC is reconstructed and examined in relation to ecosystem service
delivery. There are two main reasons for this: firstly, vegetation dynamics and the
natural and cultural influences that drive these dynamics are central to the New Forest
SES, and determine the ability of the landscape to provide multiple ES; secondly, given
the long time period under examination, data paucity and information gaps are a serious
issue, particularly in relation to available records that can act as proxies of ecosystem
service delivery. Consequently, LULC is employed here as a proxy measure of ecosystem
goods and services where other records are lacking. Historic land-use and land-cover
reconstruction using palaeoecological records and historical mapping is carried out with
the aim of investigating natural and cultural influences on the landscape, its vegetation
dynamics, and the ability of the system to deliver certain ecosystem services. However,
given the potential limitations of this approach as outlined above, the results must be
interpreted with caution.

2.3.2

Palaeoecology and past landscapes

Palaeoecology is the study of past landscapes and environments using fossil and
sub-fossil evidence. It employs a wide range of proxies and techniques in the
reconstruction of historic landscapes and environmental conditions over timescales of
decades to millennia. Such approaches allow us to gain insight into human-environment
interactions at timescales that far exceed those covered by documentary evidence and
modern instrumental records. Palaeo techniques involve geomorphological (e.g. glacial
and periglacial landforms, moraines, dry lake beds and abandoned shorelines, fluvial
terraces), lithological (e.g. palaeosols, glacial and perglacial sediments, lake, mire and
bog sediments), and biological (e.g. tree rings, fossil pollen, diatoms and insects, plant
macrofossils, ancient DNA, pigments, charcoal, dung fungal spores) proxies and lines of
evidence (Lowe and Walker, 2015). Biological proxies are derived from a variety of
sources including lake, mire and bog deposits, deep-sea sediments, ice cores, cave
sediments, volcanic eruptions etc., and can be used to reconstruct a wide range of past
conditions such as climate (temperature, moisture levels, wind speed and direction,
frequency of storm events etc.) (Bradley, 2015), aquatic chemistry, sea level and lake
level change, sedimentation/erosion rates, atmospheric circulation, atmospheric gas
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composition, salinity, fire, trace element concentrations in aquatic systems, biodiversity
and biogeography (Lowe and Walker, 2015).
Froyd and Willis (2008), Gaillard et al. (2009), Dietl and Flessa (2011) and Davies et al.
(2014) have stressed the utility of palaeoecological approaches to create long-term
ecological and environmental datasets. These datasets can be used to establish baseline
ecological and environmental conditions, ranges of natural system variability, and to
identify ecological thresholds and the degree of resilience of a system to change, before it
crosses a critical threshold into an alternate steady state. These authors also stress the
importance of actively incorporating these perspectives into conservation and sustainable
management strategies, a feature often lacking from such studies. Barriers to the
incorporation of long-term ecological data provided by palaeo studies into conservation
initiatives are summarised by Davies et al. (2014). These include: 1) a lack of availability
and awareness of relevant long-term data, or insufficient communication and evaluation
of existing information; 2) infrastructural and technical obstacles to information
exchange and learning; and 3) attitudes and preconceptions that influence how
unfamiliar evidence is received. The importance of long-term perspectives in the
examination of past dynamics in SES or cultural landscapes is also highlighted by
Seddon et al. (2014), who included amongst their ‘identification of 50 priority research
questions in palaeoecology’, several concerning human-environment interactions in the
Anthropocene, as well as the application of palaeoecological techniques in ecosystem
services research, and the investigation of the impact of past environmental changes on
social-ecological systems, their dynamics, and their resilience.
Several studies have used palaeocological and palaeoenvironmental records as proxies for
ecosystem services and drivers of system change, frequently in combination with
instrumental records and documentary evidence, to examine past change in SES. Dearing
et al. (2012b) used lake sediment records as proxies for ecosystem service trends in the
lower Yangtze basin from 1800 to 2006, showing a trade-off between agricultural
intensification a nd t he d elivery o f a number o f r egulating s ervices. E arly warning signals
of a critical transition to a eutrophic state driven by a combination of agricultural
intensification, water l evel r egulation a nd l ow r ainfall i n a l ake c atchment s ystem in
Yunnan, China, have been demonstrated by Wang et al. (2012) using lake sediment
records and monitoring data. Giguet-Covex et al. (2014), using lake sediment DNA,
reconstructed human land-use, and more specifically l ivestock f arming, a nd i ts impacts
on erosion dynamics in the North French Alps since the Neolithic Period. In the present
study, we focus on one of the most common applications of palaeoecological data in the
examination of past landscape dynamics: the use of pollen records in the reconstruction
of historic vegetation cover, and in the examination of past changes in ecosystem service
delivery via the estimation of changes in service-providing units. Gaining a long-term
perspective on the effects of anthropogenic and non-anthropogenic pressures upon a
system’s vegetation is crucial to our comprehension of the potential consequences of
future land-use and climate change. This approach is outlined in more detail in Section
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5.1.1.

2.3.3

Historic map analysis

Although not capable of representing the same timescales as other data sources, in
particular palaeo records, data from historical records including maps, long-term
monitoring programmes, official statistics, and instrumental records can provide
invaluable information regarding past dynamics in social-ecological systems. The
investigation and analysis of land-cover change through maps represents something of a
bridge between history and geography. Knowles (2008), in her examination of the role of
GIS techniques in historical studies or ‘historical GIS’, mentions the oft repeated saying
that “history is the study of when, and geography is the study of where”. Given this, the
use of maps, typically the domain of geographers and those investigating spatial patterns
and processes, can unite both of these disciplines. This can represent, as in the present
study, a more comprehensive approach in the examination of patterns of landscape
change through time, and an additional technique which can be employed for ‘mapping
history’. Historical maps can contain a wealth of information and data regarding past
land-use and land-cover patterns in a landscape. Hillier and Churchill (2008) state that
“old paper maps constitute the bedrock of historical GIS”, and allow us to see both
snapshots at specific points in time as well as to quantify change over a period of time.
In recent years, geographic information systems (GIS) have proved instrumental in the
extraction and analysis of such information, and provide us with a means by which we
can derive quantitative estimates of historic landscape patterns, and consequently
construct time series of land-use and land-cover change (LULCC).
Historical GIS as a discipline uses a geographic information system to ‘place’ historical
data. This primarily involves two approaches: 1) historical maps or aerial photographs
that have been scanned and digitised in a GIS, and 2) historical records that can be
linked to spatial locations (points, lines or polygons) within a GIS (Lloyd et al., 2012).
This approach utilises a number of resources including maps, aerial photographs, remote
sensing data, census and parish records, military surveys, land registers, cadastral
surveys, vegetation surveys, interviews etc. The use of historical maps to examine
land-cover is complementary to pollen-based vegetation reconstructions, as the former
can tell us where different vegetation types lie in the landscape but often lack detailed
information on the species composition of these broad vegetation units. The latter can
offer insight into vegetation composition but, where pollen is used to provide
regional-scale vegetation reconstructions, cannot inform us as to its spatial distribution.
Multi-temporal map analysis using historical maps has been frequently employed, often
in combination with other resources, to analyse land-use dynamics over timescales
ranging from decades to centuries, and to interpret these changes in relation to human
activities and natural events. This approach has been used in a wide variety of contexts
from rural landscapes in southern Italy (Tortora et al., 2015), to delta systems
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(Jabaloy-Sánchez et al., 2010) and coastal saltmarshes (Bromberg and Bertness, 2005).
Many such studies have revealed significant changes in forest cover and composition
related to various natural and cultural influences, e.g. Sigurmundsson et al. (2014) found
that birch woodlands in Iceland had undergone considerable change in spatial extent,
primarily as a result of firewood and charcoal production combined with volcanism and
harsh climatic conditions. In the Nilgiri Biosphere Reserve in the Western Ghats, Satish
et al. (2014) used topographical maps and satellite data to determine that large-scale
deforestation prior to the designation of the area as a biosphere, was due to conversion of
forests to plantations and agriculture and submergence due to dam construction.
Similarly to the present study, the use of historical maps to examine trends in forest and
wood-pasture cover over time in the Scottish Highlands has been employed by Holl and
Smith (2007). Other studies have employed such approaches not only to examine past
changes in land-use and land-cover and the causes of such change, but also to discuss the
impacts of these changes in relation to the capacity of the landscape to deliver certain
services and support biodiversity. For example, erosion regulation in Hungarian
vineyards (Dobos et al., 2014), multiple ecosystem services in Portuguese saltmarshes
(Almeida et al., 2014), the Lake Victoria catchment (Wasige et al., 2013) and trees
outside forests in southern Germany (Plieninger, 2012), and biodiversity, water yield,
nutrient cycling, and carbon storage in a northwest Arkansas dairy farm (Leh et al.,
2013). This approach has also been used to understand past changes in the demand for
certain ecosystem goods and services, e.g. placement of settlements in a floodplain and
the demand for flood regulation (Früh-Müeller et al., 2015).

2.3.4

Long-term perspectives and ancient woodlands

An evolutionary approach to examining system change and ecosystem service delivery is
particularly important for landscapes with a long history of cultural influence and which
have dynamics that occur at long timescales, e.g. temperate woodlands in northwestern
Europe with long histories of cultural intervention. The past evolution of such
landscapes is of particular interest in the present study, as the New Forest contains over
3,500 ha of ancient pasture woodlands, which owe their existence to cultural
interventions in the landscape, and which are important for the delivery of a range of
ecosystem services. Gillet et al. (2002) state that the conservation of pasture woodland
systems requires a precise understanding of their vegetation dynamics. Davies and
Watson (2007) and Davies (2011) highlight the importance of long-term perspectives in
the examination of these dynamics, in understanding present-day ecological patterns and
informing future management strategies. These authors also stress the importance of
understanding the dynamics of these systems in more recent centuries, as this time
period is more relevant to present-day woodlands than are pre-anthropogenic conditions.
In such systems, the examination of past dynamics can shed light on how the system has
evolved in response to both human and non-human drivers of change, and the extent to
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which natural and cultural influences are responsible for creating and maintaining the
system. Bradshaw and Hannon (2004) highlighted the role of five different drivers or
disturbances in maintaining semi-open pasture woodland systems, namely, large
herbivore grazing and browsing, fire, waterlogging and soils of low fertility, storms, and
anthropogenic influences. These authors underline the fundamental role of these
disturbance agents, and of the importance of multiple drivers acting together in creating
these landscapes and in particular open forest canopies, determining their structure and
species composition, and in supporting their biodiversity. However, these disturbance
regimes can also constitute threats to the system if they exceed their natural range of
variability. A threat can be defined as “a continuing or expected disturbance to
ecosystems that interfere with normal dynamics” (Rackham, 2008, p. 573). Rackham
(2008) and Bergmeier et al. (2010) outline the main threats to European pasture
woodlands and ancient woodlands respectively. The former lists the following as the
main threats to pasture woodlands: a reduction in old-growth tree density as older trees
are not replaced by younger specimens, high stocking densities potentially leading to
over-grazing, regeneration failure and a decline in shrubby undergrowth which may
provide nurseries to developing seedlings and saplings, land abandonment leading to the
development of more closed woodlands, and oak diseases such as the aggressive root
fungus Phytophthora. The latter states that the following constitute the main threats to
ancient woodlands: destruction and fragmentation, depletion of the tree stock, pollution
and eutrophication, fire and lack of fire, excessive shade, excessive grazing and browsing
pressure from large herbivores, invasive species, infilling of savanna and climate change.
A long-term perspective can provide insight into the potential development of vital
disturbance regimes into threats, and the resilience of the system to such threats.
Of the many studies that use long-term records to examine past human-environment
interactions and system change, some have stressed the importance of an
inter-disciplinary approach. This integrates records from multiple sources in the
investigation of long-term system change, and the extent to which modern-day
landscapes are a product of past land-use and management strategies, with the aim of
informing future conservation and management strategies, e.g. Feurdean et al. (2009),
Hjelle et al. (2012), McCune et al. (2013), Almeida et al. (2014) and Sigurmundsson
et al. (2014). Although the collection and examination of multiple lines of evidence
permits us to gain a more complete picture of system change over time and the factors
that have driven these changes, long-term records can often only reveal the combined
effects of multiple disturbances and environmental stresses. A deeper understanding of
SES dynamics can be attained through the combination of these records with various
modelling frameworks and approaches, e.g. combining material or energy flows and
economic flows, modelling human behaviour and drivers that impact on an ecosystem or
ES, identifying and modelling specific goods that are relevant for the human system and
the ecological system, or studying the resilience and adaptive management of
social-ecological systems (Binder et al., 2013). These approaches can unravel the impacts
of individual forces acting on a system, and explore the biophysical processes that
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underlie the provision of multiple services.
When using long-term datasets and a system dynamics approach to evaluate past,
present and future impacts of environmental change on social-ecological systems and
ecosystem service delivery, context-specific ecosystem interactions and responses to
particular disturbances should be taken into account. In the examination of such
landscapes, we need to consider what changes must occur and the magnitudes of these
changes in order for landscapes to lose their identity, i.e., what processes, changes and
functions are necessary for cultural landscapes to survive (Antrop, 2005). We must also
consider the consequences of the loss of specific ecosystem services for society (Beier
et al., 2008).

Chapter 3

A Case-Study: The New Forest
National Park
3.1

The New Forest: an introduction

In England, approximately 9.3% of the total land area is covered by its 10 National
Parks (New Forest National Park Authority, 2012a), of which the New Forest National
Park (NFNP), instituted in 2005, is the second youngest. The NFNP is situated
predominantly in the southwest of Hampshire with a small portion to the north falling
within the county of Wiltshire, and lies between 50.986◦ N -1.753◦ W (NW corner) and
50.813◦ N -1.308◦ W (SE corner). The Park covers an area of 56,651 ha (566.51 km2 /218.7
mi2 ), 26,756 hectares of which are Crown Lands, making it the smallest of the UK’s
national parks. The landscape within the Park is a mosaic of woodland (including over
3,500 ha of ancient broadleaf woodland), heathland (approx. 12,000 ha), grassland, mires
(75% of valley mires in northwest Europe), 5,866 km of streams and rivers and 42 km of
coastline, as well as urban areas. It is also important in terms of biodiversity, containing
many plant and animal species that are rare at a national level and others that are not
found elsewhere (New Forest National Park Authority, 2010). Certain areas of the Park
are also protected by other conservation designations including Sites of Special Scientific
Interest (SSSIs), Special Protection Areas (SPAs), the New Forest Special Area of
Conservation (SAC), Ramsar sites, and National Nature Reserves (NNR) (New Forest
National Park Authority, 2007a).
For the purposes of this study, the term ‘New Forest’ refers to the entire area lying
within the boundary of the New Forest National Park, for which ‘New Forest’, ‘the
Forest’, ‘the Park’, ‘the NFNP’ and ‘the NF’ are used interchangeably. The core of the
Park is enclosed by the New Forest perambulation, an area of 37,907 ha, which in
Medieval times was governed by Forest law. This area is defined by the New Forest Act
1964, since which time the area has been fenced. Much of the land within this
23
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The New Forest National Park
National Park Boundary
Perambulation Boundary
District Boundaries

The New Forest National Park Authority
(Headquarters)
© Crown Copyright. All rights reserved New Forest National Park Authority.
Licence no. 1000114703, 2012.

N Not to Scale

Figure 3.1: Map of the New Forest National Park depicting the Park boundary and
the 1964 perambulation boundary.
Source: New Forest National Park Authority (2012b)

perambulation is also referred to as the ‘Open Forest’ (OF), a term that refers to the
extent of land to which Commoners’ stock currently has free access, and which includes
the unenclosed Crown Lands and the associated adjacent commons and Manorial Wastes
(Cox and Reeves, 2000). Figure 3.1 depicts the Park boundary and the perambulation.

3.2

The New Forest: a social-ecological system

“The Forest survives as an ecological system of interacting natural and social elements
which now has no parallel [in Great Britain], at least not in scale”
(Tubbs, 2001, p. 18)
The New Forest is a complex and dynamic social-ecological system with a long history of
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human-environment interaction. It is a cultural landscape, that is, a mosaic of plant
communities directly or indirectly influenced by anthropogenic activities (Faegri et al.,
2005). The multifunctional land-use system that we see today is a product of this
close-knit relationship, and reflects the diverse pressures, both natural and cultural,
which have acted upon it to the present day. Human occupation of the area dates back
to the Mesolithic, although the nature of human influence has changed with the passage
of time, as societal values, demands and management strategies have evolved. Much of
the change that has occurred in the New Forest over this time can be examined in terms
of the exploitation of the landscape by its inhabitants for a range of ecosystem services.
Past human exploitation of the landscape for these purposes has impacted, both
positively and negatively, the structure, composition and dynamics of the landscape, and
the capacity of its service-providing units to deliver goods and services and maintain
biodiversity and human well-being.
Heterogeneous landscapes such as the New Forest are conducive to the provision of high
levels of biodiversity and a wide range of ecosystem services (Maskell et al., 2013). The
services provided by the Park range from direct benefits to physical health through
recreational activities such as walking, running and cycling, and through its role in air
quality regulation. Direct benefits to psychological health are delivered through the
aesthetic beauty, sense of place and spiritual well-being that it provides. The Park also
plays a vital role in the maintenance of the cultural heritage of the area, through the
continued existence of the commoning tradition, through which those who occupy land
or property have certain ‘rights of common’, e.g. the right to graze stock, gather
fuelwood etc. It contributes to livelihoods via the income generated by the recreation
and tourism industry in the local area, and via the income earned by the Commoners
through the sale of commoning products such as pannage pork, New Forest beef etc., as
well as the sale of New Forest ponies. Other important provisioning services include
timber, and regulating services include the provision of an equable climate, air quality
regulation and coastal erosion and flood regulation.
The multiple demands on the Forest’s ecological resources can be visualised as a
common-pool resource problem, whereby multiple stakeholders exploit a limited number
of ecological resources for a variety of ecosystem services, which can at times be
conflicting and competitive. To the present day, the Park continues to provide multiple
services to multiple users, and is subject to a wide range of internal and external
pressures acting in concert. The Park also exhibits high levels of social-ecological
coupling, i.e., high levels of provision and use of ecosystem services and high levels of
disturbance across the entire Park. The future of protected areas such as the New Forest
depends on their ability to adapt to changing social and ecological conditions over time,
and to maintain the ecological and social components of conservation concern (Cumming
et al., 2015). A deeper knowledge of past system dynamics can aid the management of
the SES to achieve these goals.
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3.3

The Ancient and Ornamental woodlands

This study has a specific focus on the Forest’s Ancient & Ornamental (A&O) woodlands,
one of the most recognisable habitats of the Park. Ancient woodland is woodland that
has been in continuous existence since AD1600 (Forestry Commission, 2014a) and
includes both ancient semi-natural woodland (ASNW), i.e., woodland containing
predominantly native species that have not obviously been planted, and planted ancient
woodland sites (PAWS), where the semi-natural woodland has been replaced with a
plantation (Brown, 2010). In England, woodlands have been shaped by anthropogenic
activities for hundreds or thousands of years and owe their present-day structure to
human activities (Rackham, 2008). This same author outlines the following typical
characteristics of ancient English woodlands: a regime of frequent felling and regrowth,
i.e., coppicing; isolation that is not the result of recent fragmentation but has been a
long-term feature of these woodlands; the frequent existence of many tree communities
each composed of just a few species; the existence of characteristic ancient woodland
floral species that do not typically migrate easily from one wood to another; a large
component of coppicing plants which are not adapted to continuous shade and which
flower in abundance when canopy gaps appear; and the existence of permanent open
areas with woodland-grassland plant species. In the UK in 2013, there were an estimated
3.1 million hectares of woodland, representing 13% of the total land area of the UK and
10% of the land area in England. Of this, there were 0.6 million ha of ancient woodland
(ASNW and PAWS) across the UK, and 341,000 ha in England (Forestry Commission,
2013a), some of which are contained in the New Forest.
The decision to focus on the A&O woodlands, as opposed to any of the other broad
habitat types present in the Forest, is based on a number of factors:
• The significant contribution of this broad habitat type to the provision of multiple
ecosystem services;
• The widespread and dramatic changes that these woodlands have experienced over
time, which have had profound repercussions with regard to their extent, structure
and composition;
• The vulnerability of pasture woodland systems to a range of pressures, in
particular land-use and climate change, and the need to understand how the
pressures they have faced in the past, and will face in the future, affect them and
their ability to deliver ecosystem services.
The New Forest’s A&O woodlands cover approximately 3,692 ha and are the (mainly)
unenclosed woods which originated in the 18th century or earlier (Forestry Commission,
2008a). They also include approximately 344 ha of pre-inclosure woodlands within the
present-day Inclosures that were not felled for timber production, and non-ancient
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secondary woodland that has developed in more recent times (New Forest LIFE
Partnership, 2001). These woods are composed primarily of Quercus (oak) (mostly
Quercus robur (pedunculate oak) but sometimes Q. petraea (sessile oak)) and Fagus
sylvatica (beech), with some Betula spp. (birch), Fraxinus excelsior (ash), Taxus baccata
(yew), Acer campestre (field maple) and Sorbus aucuparia (rowan), and an understorey
composed principally of Ilex aquifolium (holly) (Tubbs, 2001). They include some Open
Forest stands of riverine and bog woodland, as well as some areas of old-growth Pinus
sylvestris (Scots Pine). These woodlands display a wide range of structural types and
age-classes, from closed high canopy forest with heathy or grassy lawns, to a more
parkland structure, and from saplings to mature, senile and dead standing and fallen
trees, and are distributed in a mosaic pattern across the Park (New Forest LIFE
Partnership, 2001). Figure 3.2 shows the distribution of the A&O woodlands within the
Park according to their age/structural class, as defined by Flower and Tubbs (1982).
According to this classification, there are five A&O woodland structural types (STs) in
the Quercus-Fagus dominated woodlands, identified by the size of the trees and the
period in which they are believed to have originated: ST1(pre-1625), ST2 (1625-1700),
ST3 (1700-1775), ST4 (1775-1850), and ST5 (post-1850).
These ancient woodlands are an example of a traditional wood-pasture system, described
by Hartel and Plieninger (2014) as being, in its broadest sense, a treed landscape where
grazing is the most important driver of system change. These authors also note that
there are various terms that partly overlap with wood-pasture, including ‘pasture
woodland’, ‘ancient park’, ‘wooded pasture’ etc. Two types of pasture woodland system
are common in Britain - fenced parks and non-fenced forests. The New Forest falls into
the latter category, where a ‘forest’ is an unfenced wooded or non-wooded area, where
owners kept deer for the purpose of hunting (Rackham, 2008). A wood-pasture system is
a mosaic of open glades, which provide forage for grazing and browsing animals, and
woodlands, which in the case of the New Forest are mainly the ancient Quercus and
Fagus-dominated woods. They are structurally complex and temporally and spatially
heterogeneous systems (Gillet et al., 2002). In the UK, the structure and composition of
ancient woodlands are largely the product of past management practices (Brown, 2010),
and pastoral activity in wood-pasture systems across Europe has had a profound
influence on the landscape and vegetation, frequently giving rise to cultural landscapes
(Gillet, 2008; Gaillard et al., 2009). The multifunctionality of the New Forest cultural
landscape, and of its various land-cover types, is typical of similar areas across Europe,
where pasture woodlands served to provide people with a range of services including
“shelter for man and beast in winter, grazing in summer, leaf fodder in autumn, rods for
basket-work, construction timber for houses and boats, pavement for tracks, energy for
heating and cooking, charcoal for smelting and bark for tanning” (Gaillard et al., 2009,
p. 38).
Forests and woodlands have a fundamental role to play in the provision of a range of
ecosystem services, including flood control and soil erosion control, air quality regulation,
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Figure 3.2: Distribution of the A&O Woodlands in the New Forest according to their structural types as defined by Flower and Tubbs (1982). The
timeframe within which each structural type originated and the size of the Quercus and Fagus trees it contains are also detailed.
*‘Other’ includes Open Forest stands of old-growth riverine and bog woodland and Pinus sylvestris
Source: derived from Forestry Commission GIS layer
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ST1 ‐ pre‐1625 ‐ Quercus >5.2 m
ST2 ‐ 1625‐1700 ‐ Quercus 4.0‐5.2 m, Fagus >4.8 m
ST3 ‐ 1700‐1775 ‐ Quercus 3.0‐3.9 m, Fagus 3.7‐4.8 m
ST4 ‐ 1775‐1850 ‐ Quercus 2.0‐2.9 m, Fagus 2.4‐3.6 m
ST5 ‐ post‐1850 ‐ Quercus <2.0 m, Fagus <2.4 m
Other*
NFNP boundary
NF perambula on
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renewable energy, pollution control, global, regional and local climate regulation,
aesthetic values and recreation and tourism, as well as providing ecological connectivity
and wildlife corridors between habitats, and acting as important reservoirs of biodiversity
(Read et al., 2009; Ray et al., 2010; Forestry Commission, 2011). Ancient woodland and
wood-pasture systems are ecologically, historically, culturally and aesthetically
important, and in the New Forest are particularly important for local cultural heritage
through their role in supporting Commoners’ stock, thus maintaining the commoning
tradition. Edwards and Steins (1998) highlighted the need to examine the ability of the
New Forest system to support multiple uses, to evaluate each extractive and
non-extractive use, as well as the importance of considering all those who affect the
system and are affected by it, its use and its management. The sustainable future
management of ancient pasture woodland systems and the ecosystem goods and services
they provide requires a deeper knowledge of their vegetation dynamics (Gillet et al.,
2002; Gillet, 2008). Understanding the various processes that have made the Forest’s
A&O woodlands what they are today, is crucial to gain insight into how they should be
managed in the future (Grant and Edwards, 2008).

Chapter 4

Historic Map Analysis: Two
Centuries of Land-cover Change
4.1
4.1.1

Introduction
Historic land-cover change in Britain

Across most of Britain, thousands of years of human use and exploitation of the
landscape, coupled with climate change, have caused location-specific changes in soils
and vegetation, depending on climate-soil-vegetation responses to a particular
disturbance (Edwards, 2005). Of the many human impacts on the British and European
landscape over the last 6,000 years, large-scale anthropogenic deforestation is
undoubtedly one of the most significant. Large-scale forest clearance dates from the late
Mesolithic1 (c. BC4500-3200), when this practice was carried out by the first sedentary
farmers for the purposes of creating arable and pasture land, a process exacerbated by
burning and grazing where sufficiently intensive (Williams, 2000). Since then, patterns in
land-cover change can be attributed primarily to a shift towards more intensive land uses
such as grazing, burning, agriculture/crop planting and timber production, driven by
economic and socio-political factors and the demand for specific ecosystem services. A
general trend of deforestation continued during the late Mesolithic throughout the
Neolithic (c. BC3200-2000), the Bronze Age (c. BC2000-800), the Iron Age (c.
BC800-200) and the Romano-British period (c. BC200-AD200) up to the present day,
with a peak in the Middle Ages (c. AD400-1500), driven largely by population increase
between approx. AD650 and 1350 (Williams, 2000). However, although large-scale
anthropogenic impacts on forest and woodland systems in Europe date from at least the
Neolithic, in many central and western European regions, continuous management may
date from only the Middle Ages (c. AD500-1500) (Szabó and Hédl, 2013).
1
The date ranges for all historical periods are derived from Tubbs (2001) and relate to northwestern
Europe.
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Kaplan et al. (2009) examined prehistoric and pre-industrial deforestation in Europe from
BC1000-AD1850, and found that although small parts of central Europe had experienced
70% deforestation by BC1000, western and central Europe were minimally deforested by
this time. However, by BC300, central and western regions had experienced between 10
and 60% deforestation, and in England and Wales the percentage cover of forest on
usable land experienced an almost continuous decline from 90% in BC1000 to 1.9% in
AD1850. Across Great Britain, forest cover declined from an estimated maximum of 75%
6,000 cal yr BP, i.e., ‘pre-disturbance’ times (Watts, 2006), to just 13% in the present day
(Forestry Commission, 2014a). In England, a similar pattern is evident, where woodland
possibly covered a third of the land in the year AD586, but only 15% in 1086, and in
Hampshire, which had 58,275 ha of woodland in 1086 but only 48,967 ha by 1895
(Rackham, 1980). Although there has been a trend of decreasing forest cover through
time, there have also been periods of forest expansion, e.g. during times of plague and
war, particularly during the Black Death around AD1350 when the population decreased
dramatically (Williams, 2000; Kaplan et al., 2009). Increases in forest area have also
occurred as a result of the improvement in farming practices and the abandonment of the
poorest agricultural lands to their eventual afforestation (Matuszkiewicz et al., 2013)
and, in more recent times, as a result of concerted reafforestation efforts, e.g. planting of
broadleaves in southern Sweden (Brunet et al., 2012) and in Spain for wildlife
conservation and forestry (Valbuena-Carabaña et al., 2010).
Although woodland clearance for agricultural purposes has not typically been the case in
the New Forest, the felling of the ancient pasture woodlands for the purposes of
commercial forestry, and the consequent negative impacts on the landscape and the
traditional pastoral economy, have been widespread. In this chapter, land-cover trends at
three time points over the last 225 years are examined, with a focus on the loss of the
ancient Quercus-dominated pasture woodlands.
The specific research questions to be addressed in this chapter are:
RQ2. Are there evident trends in land-use and land-cover change (LULCC) in the New
Forest over time, how do these changes relate to human activity and non-human drivers,
and what are the consequences for ES delivery?
• To what extent has the New Forest landscape changed over the last two centuries
in terms of the cover of each of the main broad vegetation types, i.e., broadleaved
woodland, coniferous woodland, heathland, grassland, mire and urban/suburban
areas?
• How can changes in land-cover and land-use be related to ecological and social
processes?
• What might changes in land-use and land-cover mean for the provision of certain
ecosystem services?
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Methodology

Land-use/land-cover (LULC) layers were created from a series of land-cover maps, to
analyse LULC change in the New Forest for three points in time from the early 18th
century to the present day: c. 1789, 1933-43 and 2013. These maps represent the most
detailed land-cover maps available at each of the time points examined, which cover all
or part of the area that lies within the present-day National Park boundary. For the
purposes of this analysis, the spatial area of interest is that which lies within the 1964
New Forest perambulation, as indicated in Figure 3.1, as this area has the greatest
coverage for all three maps. For the 1933-43 and present-day time points, the land-cover
layer was created from a single map, whilst the 1789 layer was created from a composite
of four maps. Details of each of the maps used in the creation of the land-cover layers are
provided in Table 4.1. In addition to these three maps, further information on land-cover
and vegetation composition has been gathered from other sources. This is used in
Section 4.3.2 to supplement the data provided by the maps, and to provide further
information on the exact nature and composition of the Forest’s vegetation cover.
The principal land-cover types of interest are: broadleaved woodland (and in particular
deciduous old-growth pasture woodland), coniferous woodland, grassland, heathland,
mire and urban/suburban land. All other land-cover types (e.g. mudflats, water bodies,
cliffs etc.) are classified as ‘other’, and are excluded from the analysis. The different
land-cover categories were reclassified where necessary, to obtain a uniform nomenclature
and facilitate comparison between maps. Although every effort has been made to achieve
uniformity from one time point to the next, due to inherent differences in the maps and
in the land-cover categories they include, there are occasional mismatches. The
reclassification of the land-cover categories for each map is detailed in Appendix A,
Table A.1. The processes employed to transform the different maps into a format
suitable for land-use/land-cover change analysis are detailed below. Together, these data
are used to construct a land-cover time series for the New Forest.
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Time period
1789
1933-43
c. present-day

1

Map Name
Ancient Woodlands 17891
A&O Woodlands Stand Types
Ancient Habitat Complexes
Second Edition Drivers’ Map2
LUSGB3
BAP Broad Habitats Map

Date of origin
1789
1978
1790-1810
1814
1933-43
2013

Source
Whyte (2004)
Flower and Tubbs (1982)
Sanderson (2007)
Richardson et al. (1789)
Stamp (1931)
Hampshire Biodiversity
Information Centre
Partnership (2013)

Spatial extent
1789 perambulation
Unenclosed ancient woodlands
Inclosures
1814 perambulation
NFNP
NFNP

The distribution of ancient woodlands is based upon a digitised version of the second edition of the 1789 Drivers’ Map (Richardson et al., 1789). This layer includes all
woodland areas greater than 2 ha in size as detailed in Whyte (2004).
2
The georeferenced/georectified version of this map was obtained from the New Forest National Park Authority (NFNPA). Georeferencing was carried out by Dr Laura
Basell on behalf of the NFNPA. Full details of the georeferencing procedure are provided in Appendix A, Section A.1. The map was georeferenced using two different
methods - the version used here is the map ‘GRPDM1’, georeferenced using a first order polynomial (affine) transformation. This 1814 edition is based primarily on the
survey undertaken for the 1789 (first edition) map. Changes to the second edition largely reflect relatively limited revisions to forestry inclosures, and so it depicts New
Forest land-cover as it was immediately prior to 1789.
3
Four map sheets (of the total of 146 map sheets covering England and Wales) from the published one inch (1:63,360) maps of the Land Utilisation Survey of Great
Britain (LUSGB) (Stamp, 1931) were used to create this layer: Isle of Wight (1933), Bournemouth and Swanage (1936), Portsmouth and Southampton (1937) and
Ringwood (1943). These maps are the main output from the survey and consist of land-use maps overlaid onto Ordnance Survey (OS) Popular Edition maps.
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Table 4.1: The name, date of origin, source and spatial extent of each of the maps used in the construction of land-use/land-cover layers for the 1789,
1933-43 and present-day time periods.
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1789 map

The 1789 map is a composite created from four separate maps - an ancient woodland
GIS layer created by Whyte (2004) for the ‘New Forest National Park Inventory of
Ancient Woodlands’, the Flower and Tubbs (1982) A&O woodlands map, the Sanderson
(2007) Ancient Habitat Complexes (AHC) map, and a digitised version of the second
edition of the Drivers’ Map (Richardson et al., 1814). Each of the original maps is
depicted in Figure 4.1.
Whyte’s inventory of ancient woodlands map is derived from the second edition Drivers’
Map. This is composed of three woodland categories: i) ancient semi-natural woodland
(includes both old-growth woodland and 18th century broadleaved plantations created
following the felling of the original ancient pasture woodlands); ii) replanted ancient
woodland (conifer plantations on ancient woodland sites); and iii) cleared ancient
woodland (areas depicted as wooded on the Drivers’ map but no longer covered by
woodland in the year 2000). For the current study, woodland categories i) and iii) were
included in the analysis, as these represent areas covered by the original ancient
broadleaved woodlands c. 1789.
The Flower and Tubbs (1982) A&O woodlands map details the extent of these woods as
identified from a survey carried out in 1978. Although this dates from 1978, it represents
the most detailed map of the A&O woodlands available at the present time. Given that
no felling of these woodlands has taken place in recent times, it remains an accurate
estimate of the area of these woodlands (with the exception of areas that have
experienced natural, storm or drought-induced die-back). The woodlands are grouped
into structural types (STs), which classify them according to their size and the period in
which they originated. For the Quercus and Fagus-dominated woodlands, five structural
types are defined as follows:
ST1: pre-1625, Quercus > 5.2 m gbh (girth at breast height)
ST2: 1625-1700, Quercus 4.0-5.2 m gbh, Fagus > 4.8 m gbh
ST3: 1700-1775, Quercus 3.0-3.9 m gbh, Fagus 3.7-4.8 m gbh
ST4: 1775-1850, Quercus 2.0-2.9 m gbh, Fagus 2.4-3.6 m gbh
ST5: post-1850, Quercus < 2.0 m gbh, Fagus < 2.4 m gbh
Given the proposed dates of origin for the different A&O woodland stands, it is assumed
here that structural types 1, 2 and 3 were all in existence c. 1789, therefore they are
included in the composite map.
The Sanderson (2007) AHC map depicts the distribution of 11 habitat complexes within
the areas later occupied by silvicultural Inclosures. The mapped habitat complexes were
those that existed upon the inclosure of these areas in the 19th century and, with the
exception of the 18th century Inclosures, refer to the situation between approximately
1790 and 1810. Here, four of the AHC land-cover classes are included in the estimation
of woodland cover - pasture woodland dominated by Ilex aquifolium, extensive pasture
woodland with glades, smaller and more isolated pasture woodland, and riverine
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Figure 4.1: The original maps used in the creation of the 1789 composite map. Clockwise from top-left: New Forest National Park Inventory of Ancient Woodlands map
(Whyte, 2004); A&O woodlands map (Flower and Tubbs, 1982); Second Edition Drivers’
Map (Richardson et al., 1814); Ancient Habitat Complexes map (Sanderson, 2007)
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woodland and wet lawn.
The digitised version of the second edition Drivers’ map was obtained from the New
Forest National Park Authority, and used to obtain estimates of the non-woodland areas
of the map. The area of each land-cover type as represented on the 1814 version of the
map has remained unchanged since 1789, and so can be used to represent the division of
land in the Forest at that time. Given that the Drivers’ Map was originally created as
part of a report on the ‘State and Condition of the Woods, Forests and Land Revenues
of the Crown’, it contains little detail apart from the location of the woodlands and
Inclosures. It is, however, possible to obtain rough area estimates for encroachments,
intermediate (private) property, and unenclosed non-wooded land (heathland, grassland,
mire, inland water bodies etc.), via manual digitisation of the 1814 map in ArcMap 10.2
(ESRI, 2013), to create a vector layer from which land-use/land-cover statistics could be
calculated. It should be noted that any estimates of the areas of land-use/land-cover
types derived using this method are likely to be approximations due to the nature of the
Drivers’ Map itself, which is not as accurate as its modern-day counterparts.
Furthermore, the ‘private land’ category likely includes arable and horticultural land and
other land-cover types in addition to urban/suburban land.
The Sanderson (2007) map represents the most accurate assessment of the extent of
pre-Inclosure pasture woodland, and thus forms the core of the composite map.
Estimates of 1789 woodland for areas not covered by the AHC map (i.e., areas outside of
the Inclosures) are derived from the Flower and Tubbs (1982) ancient woodlands map,
which details those A&O woodlands in existence today that originated before the year
1775. Areas of woodland not covered by either of these maps are then derived from the
Whyte (2004) map. Finally, the approximate areas of private lands and encroachments
are obtained from the 1814 Drivers’ map.

4.2.2

1933-1943 LUSGB map

The 1933-1943 map was created from the Land Utilisation Survey of Great Britain
(LUSGB) (Stamp, 1931). This map yields important information on land-use patterns
across Britain during the inter-war period, and represents the first systematic land-use
survey in Great Britain (Southall et al., 2007). The LUSGB was carried out mainly
between 1931 and 1934, and the four map sections used in this study were published
between 1933 and 1943. This survey was quite unique in that, although designed by
Stamp and supervised by Stamp and his team, the actual surveying was initially carried
out largely by schoolchildren (trained and supervised by their teachers), and later by
university students and Stamp’s staff themselves. A number of outputs were produced
by the study including field survey maps, pull sheets (colour separations of the individual
land-use categories) of the one and ten inch maps, published one inch (1:63,360)
composite maps, published ten inch (1:625,000) composite summary sheets, and a series
of 92 reports covering each of the administrative counties of England, Wales and
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Scotland. The main output is the series of one inch map sheets covering Great Britain,
of which four - Ringwood, Isle of Wight, Portsmouth and Southampton, and
Bournemouth and Swanage - are used here. These map sheets consist of the field survey
maps produced during the survey overlaid onto OS Popular Edition Maps. As these map
sheets were downloaded as image files, they did not contain any spatial information and
therefore had to be georeferenced prior to digitisation, using the OS 1:10,000 raster map
(Ordnance Survey, 2013) as a reference. A number of ground control points (Ringwood
(59), Isle of Wight (34), Portsmouth and Southampton (50), Bournemouth and Swanage
(23)) were chosen using features assumed to be relatively fixed through time, e.g. major
road intersections and enclosure boundaries.
As with the Drivers’ and OS maps, a vector layer needed to be created from these map
sheets in order to facilitate the calculation of land-cover statistics. As the LUSGB maps
are in colour and hence multiband rasters, it was possible to carry out semi-automated
image classification in ArcMap 10.2 (ESRI, 2013). Although advantageous in terms of
the time and effort involved, image classification can pose a number of challenges which
have previously been described by Southall et al. (2003), Southall et al. (2007) and
Bailey et al. (2011), in their attempts to extract digital data from the various survey
outputs, and in particular from the published one inch maps. The issues encountered by
these authors relate primarily to the difficulties surrounding the elimination of the ‘noise’
or ‘clutter’ represented by text, symbols and contour lines on the maps, all of which
complicate the image classification process, and require a significant amount of
post-classification processing. Southall et al. (2003) describe in detail three different
techniques employed in the digitisation and vectorisation of two trial maps segments
(sheet 133 - Chichester and Worthing and sheet 114 - Windsor): the class reduction
method, supervised classification and manual digitising. The authors determined that,
although manual digitising produced the most accurate results, it was too labour
intensive, and thus highlighted the second method, i.e., supervised image classification,
as the preferred option in terms of time, effort and quality of the outputs. In light of
their recommendations, this method was employed here using the four map sheets
mentioned above. Full details of the supervised classification procedure, and the
post-classification processing techniques employed to produce the final polygon
land-cover layer, are provided in Figure 4.2.
The land-cover categories extracted from the maps are listed in Table 4.2. Although a
total of 15 distinct land-cover types were mapped (four forest and woodland, one arable,
two meadowland and grass, two heath and moorland, three gardens etc., two land
agriculturally unproductive and osier beds), it is possible, using the methods applied in
this study, to distinguish only between the broad land-cover types and not any subtypes.
This is due to the fact that the broad land-cover categories, i.e., forest and woodland,
heath and moorland, meadowland and grass, gardens, land agriculturally unproductive
and osier beds, can be distinguished on the basis of colour, whereas the sub-categories
within each of the broad categories are depicted by means of symbols, which cannot be
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LUSGB Map Sheet Images - multi-band rasters –
downloaded from www.visionofbritain.org.uk

Images imported into ArcMap 10.2 and georeferenced
against the OS 1:10,000 raster map using a number of
control points for each map sheet (Isle of Wight – 34;
Bournemouth and Swanage – 23; Portsmouth and
Southampton – 50; Ringwood – 59) using a first order
polynomial transformation

Georeferenced rasters

Increased image contrast and image sharpening (3x3
sharpening filter) using Image Analysis toolbar
30 training samples created for each of
the 10 land-cover classes (incl. black
detail) listed in Table 4.2 and used to
create the signature file

Training
samples

Signature file

Supervised image classification using
maximum likelihood classification to
classify the rasters into 10 land-cover
classes (incl. black detail)

Reclassified
rasters
Post classification processing:

Majority filter run 8 times to remove isolated pixels and noise
from the classified output
Boundary clean to smooth the boundaries between zones
Region group to reclassify small isolated regions of pixels (100
pixels or smaller) to the nearest classes
Set null to identify cell locations to ‘NoData’, i.e., black text and
topological detail and regions smaller than 100 pixels in size
Nibble to replace ‘NoData’ cells with the values of the nearest
neighbours

Processed
reclassified raster

Visual check to ensure accurate classification and manual
digitisation of 5x5 km section of Ringwood and Isle of
Wight map sheets for comparison with classified output
Raster to polygon conversion, edge matching and merging of
map sheets. Clipping of merged raster using 1964
perambulation

Land cover
vector

Estimation of area of each land-cover type from
classified output

Figure 4.2: Outline of the methodology employed for the supervised image classification
in ArcGIS 10.2 (ESRI, 2013) of the Land Utilisation Survey of Great Britain (Stamp,
1931).
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classified using the semi-automated image classification employed. However, given the
low spatial resolution of the original map, it would not have been possible to distinguish
with any degree of accuracy between some of the land-cover types, even using manual
digitisation, specifically deciduous, coniferous and mixed woodland. As per Southall
et al. (2003), Southall et al. (2007) and Bailey et al. (2011), ‘cluttered’ areas, i.e., areas
containing black symbols and narrower text, were selected for the training samples.
From these maps, nine broad land-cover types were identified - woodland (forest and
woodland), heathland/mire (heath and moorland), arable land, grassland (meadowland
and permanent grass), urban/suburban land (gardens, land agriculturally unproductive),
inland water bodies, sea and mudflats/sand/coastal shingle etc.
Bailey et al. (2011) stressed the importance of a number of additional steps for future
attempts to vectorise these maps, including the careful visual comparison of the original
maps with the classification outputs, and the manual digitisation of some small sections
of the maps for direct comparison to the classification outputs, in order to evaluate the
accuracy of the method. Therefore, following supervised image classification, a 5x5 km
section in each of the areas covered by the Isle of Wight and Ringwood map sheets was
manually digitised in ArcMap 10.2 (ESRI, 2013). The area of each land-cover type was
determined, and the values compared with the land-cover estimates for the
corresponding areas from the supervised image classification outputs. The areas
compared are shown in Figure 4.3 and the results of the analysis in Table 4.3.

Land Use Category
Forest and woodland
Heath and moorland

Colour
Green with black symbols
Yellow with black symbols

Arable land
Meadowland and permanent grass
Gardens

Brown
Light green and white
stripes/green with black dots
Purple with black symbols

Land agriculturally unproductive

Red with black detail

Inland water bodies
Sea
Mudflats, sand, coastal shingle etc.

Blue
White
White with black speckles

Black detail

Black

Details
4 sub-classes: deciduous; coniferous; mixed; new plantations
2 sub-classes: heath, moorland commons and rough pasture;
rough marsh pasture
Fallow, short ley, rotation grass and market gardens
2 sub-classes: meadowland and permanent grass; grassland in
parks
3 sub-classes: houses with gardens sufficiently large to be
productive of fruit, vegetables, flowers etc.; orchards; new housing
areas, nurseries and allotments
2 sub-classes: land so closely covered with houses and other
buildings or industrial works to be agriculturally unproductive;
yards, cemeteries, pits quarries, tip heaps, new industrial works
etc.
Ponds, rivers and streams
Also includes cliffs and other coastal areas with little or no
vegetation
Black text and topological detail
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Table 4.2: Details of each of the nine land-use classes plus black detail extracted from the Land Utilisation Survey of Great Britain one inch published
map sheets.
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Ringwood

Manual digi sa on Image classiﬁca on Original map sheet

Isle of Wight

Forest and woodland
Heath and moorland
Meadowland and permanent grassland
Arable land

Gardens
Land agr. unprod.
Inland water bodies
Mudﬂats etc.

Figure 4.3: A comparison of the outputs of the supervised image classification and
manual digitisation for the LUSGB 1933-43 Isle of Wight and Ringwood map sheets. For
each of these map sheets (left: Isle of Wight, right: Ringwood), the top image depicts a
5x5 km section of the original (sharpened) map sheet, the centre image shows the output
of the supervised image classification for the same section, and the bottom image the
output of the manual digitisation for the same section.

LC category
Forest and woodland
Heath and moorland
Arable land
Meadowland and permanent grass
Gardens
Land agriculturally unproductive
Inland water bodies
Sea
Mudflats, sand, coastal shingle etc.
1

SIC
597.94
441.99
497.19
759.39
59.17
20.57
29.48
11.15
48.82

Isle of Wight
MD
% difference1
586.18
2.00
437.53
1.02
517.82
-3.98
786.47
-3.44
48.21
22.74
17.50
17.54
61.32
-51.92
45.01
8.46

SIC
1,079.22
748.06
30.75
458.81
73.73
84.10
25.33
-

Ringwood
MD
1,140.99
758.22
33.73
420.44
75.07
46.56
28.13
-

The % difference refers to the increase or decrease from the manually digitised (MD) to the supervised image classification output (SIC)

% difference1
-5.41
-1.34
-8.84
9.13
-1.79
80.61
-9.95
-
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Table 4.3: The area in hectares and percentage difference for each land-cover category of the LUSGB 1933-43 map, as determined from supervised
image classification (SIC) and manual digitisation (MD).
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From Table 4.3, the supervised image classification provides a reasonably close match to
the manually digitised outputs for the Forest and woodland, Heath and moorland,
Arable land, Meadowland and permanent grass and Mudflats etc. land-cover categories
for the Isle of Wight map sheet, where the estimates provided by the two different
methods do not differ by more than 4%. For the Gardens and Land agriculturally
unproductive categories, the differences are larger, as the supervised image classification
overestimates these by 22.7 and 17.5% respectively, although given the relatively small
area of these land-cover types, the actual differences are only 11 and 3.1 ha. In contrast,
the SIC method underestimated the area of Inland water bodies by more than 50%. This
is due to the poor ability of the method to distinguish the blue-coloured rivers and lakes
from the green of the Forest and woodland, and the yellow of the Heath and moorland.
For the Ringwood sheet, good SIC estimates were obtained for the Forest and woodland,
Heath and moorland and Gardens categories, none of which differed by more than 5.5%
from the MD estimates. However, for the Land agriculturally unproductive category, the
value for the SIC method was almost double that of the manual method. This is almost
certainly due to the presence of red contour lines on the map, which are classified during
the SIC as part of this land-cover class. For inland water bodies, the SIC again
underestimated their area, for the same reasons as given for the Isle of Wight map, with
a 9.1% overestimate for the Meadowland and permanent grass category and an 8.8%
underestimate for the Arable land category.
Overall, the supervised image classification was deemed to provide a sufficiently accurate
estimate of land-cover for the Forest and woodland, Heath and moorland, Arable land,
and Meadowland and permanent grass categories. For the Gardens and Land
agriculturally unproductive categories, which correspond roughly to the urban/suburban
land-cover class, the SIC estimates are less reliable. This is due primarily to the presence
of red contour lines on the map, which are confused with the Land agriculturally
unproductive category. Differences were also due to the frequently small size of the
individual areas covered by these LC classes, which gives rise to a greater error in both
the SIC and MD procedures. The methodology used in the creation of the original
LUSGB map sheets also causes some difficulties for the SIC process, as these sheets
consist of separate layers for each of the land-cover classes, which are then overlain on
top of one another to create the final product. This creates areas at the borders between
different land-cover classes where two or more colours are overlain, making the actual
land-cover class more difficult to identify. Given the time-consuming nature of manual
digitisation, SIC was chosen as the appropriate method for the creation of a 1933-43
land-cover map for the whole of the area lying within the 1964 New Forest
perambulation. However, it is acknowledged that there is likely to be an overestimate of
the area of urban/suburban land in particular, and so the results will be interpreted with
caution.
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4.2.3
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c. Present-day map

The modern day map is derived from the BAP Broad Habitats Map (Hampshire
Biodiversity Information Centre Partnership, 2013), depicted in Figure 4.4. This map is
based on the Hampshire Biodiversity Information Centre’s (HBIC’s) Habitat and Land
Use dataset, originally digitised from 1995-96 aerial photography, and continually
updated using Phase 1 and 2 habitat survey information. The version presented here
represents the spatial extent of these habitats as of May 2013.
Broadleaved, mixed
and yew woodland
Coniferous woodland
Grassland
Dwarf shrub heath
Valley mire
Arable land
Inland water bodies
Urban and suburban
Other
NFNP boundary
NF perambula on

Figure 4.4: The BAP Broad Habitats Map (Hampshire Biodiversity Information Centre Partnership, 2013) used as the present-day land-cover map. Those habitats that can
be compared to the maps from the previous time periods are detailed in colour, the remaining habitats (bracken, inland rock, inshore sublittoral sediment, littoral rock, littoral
sediment, supralittoral rock, supralittoral sediment, unidentified habitat and unidentified
water) are classified as ‘other’ and indicated in pale grey.

4.2.4

The New Forest Inclosures

The progressive enclosure of the pasture woodlands from the 18th century onwards for
the purposes of commercial timber production, has been reconstructed using information
provided in Stagg (1989), Stagg (1990) and Stagg (1992), the second edition of the

46

Chapter 4 : Historic Map Analysis: Two Centuries of Land-cover Change

Drivers’ Map, and a modern-day GIS layer provided by the Forestry Commission
depicting the location of the Inclosures.

4.3
4.3.1

Results
Map analysis

Figure 4.5 indicates that the total area of broadleaved woodland has fluctuated over the
period of record, from 7,962 ha in the 1789 map, to just over 10,032 ha in the
present-day. Although from the LUSGB it is not possible to distinguish between
deciduous and coniferous woodland, it does show an increase in the overall area of
woodland from the 1789 map to a total of 11,753 ha. However, it is important to
recognise that this absolute measure does not reflect changes in the type (e.g.
old-growth, plantation, secondary expansion etc.), structure, or composition of this
broad vegetation category. On the 1789 map, these woodlands represent the original
Quercus-dominated pasture woodlands, which by this time had already been subjected
to felling for timber, exercised on a large-scale from approximately 1630. Figure 4.6
depicts the progressive enclosure and felling of these woodlands via the Statutory
Inclosures from 1700 to 1870 for timber production. 1,325 ha of land were enclosed in
the 18th century, 2,842 ha from 1808-1851 and 3,748 from 1852-1870 following the 1852
Act. In the 20th century, 812 ha of Verderers Inclosures were created on open heathland
and planted with conifers that, when added to the Leasehold and Freehold Inclosures,
led to the fencing of a total of approximately 8,500 ha of land today.
An estimated 1,026 ha of pasture woodland were enclosed into the 1700-1807 Inclosures,
1,381 ha into the 1808-1851 Inclosures and 1,835 ha into the 1852-1870 Inclosures, giving
a total of 4,242 ha of Quercus-dominated pasture woodland enclosed into timber
plantations by 1870. This practice resulted in a shift in the species composition of the
woodlands within the Inclosures, from approximately 100% broadleaves in 1700 to
approximately 50% broadleaves and 50% conifers in the present-day. The area of land
currently defined as ancient and ornamental is comprised of both the remaining original
pasture woodlands, i.e., Flower and Tubbs (1982) structural types 1-3 covering 2,646 ha,
and structural types 4 and 5 covering approx. 421 ha. Structural types 4 and 5 represent
the remaining 18th and 19th century hardwood plantations that were left undisturbed,
and which have now developed into ancient woodlands or have the potential to do so in
the future. These may also reduce the high degree of fragmentation of the ancient
woodlands that has resulted from their past felling (Sanderson, 2007). Only 285 ha of
the ancient pastures woodlands incorporated into the Inclosures escaped felling and
continue to exist to the present day. The remainder of the original woodlands either
retreated due to natural stand processes or were felled. Also included in the present-day
A&O woodlands are approx. 153 ha of Pinus sylvestris and 290 ha of riverine/riparian
woodland, classified as ‘other’ in Figure 4.6.
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1789

Broadleaved woodland
Private land
Encroachments

1933-43

Broadleaved woodland
Grassland
Heath and moorland
Arable land
Inland water bodies
Urban and suburban
Other

Broadleaved woodland
Coniferous woodland
Grassland
Dwarf shrub heath
Valley mire
Arable land
Inland water bodies
Urban and suburban
Other

40000
35000
30000

Area (ha)

2013

25000
20000

All non-wooded
land (with excep on
of encroachments)

15000
10000
5000
0

1789

1933-43

2013

Year
Figure 4.5: Land-cover time series maps depicting the proportion of the New Forest
covered by each of the broad land-cover types deciduous woodland, coniferous woodland,
heathland/grassland, mire, arable land and urban/suburban land for each of the time
windows examined - c. 1789, 1933-43 and c. present day. In the 1933-43 map, the
category ‘other’ includes Sea, and Mudflats, sand, coastal shingle etc. In the 2013 map,
the category ‘other’ includes bracken, inland rock, inshore sublittoral sediment, littoral
rock, littoral sediment, supralittoral rock, supralittoral sediment, unidentified habitat
and unidentified water.
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The open areas of land include grasslands, heathlands and mires, as well as farmland and
settlements. Estimates of the area of each of these categories have been obtained for the
1933-43 and present-day maps only, as the Drivers’ map does not provide sufficient detail
to distinguish these land-cover classes. From the 1789 composite map, the area of private
land and encroachments is 7,411 ha, although the former also included areas of
grassland, heathland, arable land etc., as well as urban/suburban land. The total area of
land within the perambulation not covered by woodland is approx. 29,447 ha, which
includes grassland, heathland, mires, inland water bodies, coastal cliffs, mudflats,
saltmarsh, urban/suburban land etc. present both within and without the private land
category. Of these, 344 ha are classified as encroachments, and can confidently be
categorised as urban/suburban land. The areas of grassland, heathland/mire, arable land
and urban/suburban land are 4,565, 17,688, 1,111 and 1,678 ha respectively for the
1933-43 map and 6,585, 12,273, 1,577 and 1,538 ha respectively for the present day
composite map. The figure of 6,585 ha for grassland on the present-day map includes
‘improved grassland’. If, however, improved grassland is included with the arable land
category, this gives revised figures of 3,455 ha for grassland and 4,708 ha for arable land,
which signify a sharp decrease in grassland area and a significant increase in arable land
area over time. There is some uncertainty regarding the precise classification of grassland
types in the LUSGB, as the arable land category includes rotational grassland, but it is
not clear whether or not it also includes improved grassland.
The significant decline in the area of heathland/mire from 1933-43 to 2013 is at least
partially due to heathland invasion by Pinus sylvestris, the natural expansion of
broadleaved woodland and an increase in arable land. However, the apparent increase in
grassland and concurrent decrease in the area of heathland/mire over this period may
also be due to the way in which certain areas of these habitats were classified. In the
Forest, there are many areas of heathland with a relatively high proportion of grass, and
areas of grassland with relatively high proportions of heathland species. The enclosure of
land affected not only the area of pasture woodland present, but also the amount of other
grazing lands available to Commoners’ animals, as the Inclosures also contained c. 4,714
ha of open land, mostly grassland (313 ha), heathland (4,138 ha) and mire (172 ha) upon
their enclosure. Today, only 1,282 ha of potential grazing land remain as the remainder
was converted to timber plantations or other uses. The area of urban/suburban land
appears to have decreased over the 1933-43 timeframe although, as outlined in Section
4.2.2, the area of this land-cover type on the LUSGB map is almost certainly an
overestimate. The larger area covered by this land-cover type in 1933-43 compared to
2013 is also due to the fact that, on the 1933-43 map, a large number of roads are
included in this category, thus increasing its overall area, although it is clear from Figure
4.5 that the main urban/suburban areas have expanded over this time period.

Ancient woodland

A&O woodland ST1, 2 and 3

NF perambula on

Inclosures 1700-1807

A&O woodland ST4

NFNP boundary

Inclosures 1808-1851

A&O woodland ST5

Inclosures 1852-1870

A&O woodland Other

Inclosures post-1870

Figure 4.6: Left: woodland extent in c. 1789, covering approximately 7,962 ha. Centre: woodland extent in 1789 and all Inclosures created from the
year 1700. Right: present-day extent of ancient pasture woodlands and all Inclosures. The Inclosures are classified according to the period in which
they were first created; between 1700 and 1870, the majority were Statutory Inclosures, created under the New Forest Acts of 1698, 1808 and 1851
initially for the purpose of supplying Navy timber. After 1870, the Verderers’ Inclosures (created under the New Forest Act 1949), Freehold Inclosures
(originated in the 19th century) and Leasehold Inclosures (managed for various timber production and habitat restoration purposes) were also created.
Those Inclosures that had the greatest impact on the A&O woodlands are the Statutory Inclosures.
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Ancient woodland
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Supplementary land-use and land-cover information

There are no figures available for the area of woodland prior to 1789, although the
distribution of woodland on Isaac Taylor’s 1759 map is similar to that on the Drivers’
map (Tubbs, 2001). Upon the enclosure of the pasture woodlands from 1700 to 1851,
these woodlands were generally clear-felled and then replanted or sown with broadleaves
(primarily Quercus but occasionally Fagus), giving rise to the 18th and 19th century
broadleaved plantations. The earliest of these were composed primarily of Quercus
petraea (Tubbs, 2001). Following the 1877 New Forest Act, the further felling of
pre-Inclosure woodland was prohibited, which allowed the survival of those remnants
existing within the present-day Inclosures (Sanderson, 2007). Despite the existence of
this Act, the exploitation of the enclosed pasture woods as well as the unenclosed woods
continued, including the felling of trees to satisfy estovers rights (the right to gather
branch wood from felled trees), and of drought and pest-damaged trees for reasons of
public health and safety, and the removal of dead and fallen timber (Tubbs, 2001). The
majority of the 18th and 19th century plantations were later felled during the 20th
century, to be replanted with conifers after 1920 and between 1940 and 1970 (Tubbs,
2001). Regarding the area of land under enclosure, it should be noted that not all of the
land designated for enclosure was continuously fenced, as these areas were periodically
‘thrown open’ once the trees within had grown sufficiently large to escape grazing and
browsing damage. From 1808 to 1848, the proportion of Inclosures thrown open grew
from 24 to 44%, rising to 83% around 1851 before declining steadily to below 40% in the
1870s, and remaining at this level until the authority for their management was
transferred to the Forestry Commission in 1923, since which time the proportion of
Inclosures remaining fenced has been at approximately 80% (Tubbs, 2001).
Fluctuations in the area of woodland on the Open Forest also occurred for reasons other
than timber production. Tubbs (2001) reports that approximately 200 ha of woodland
was lost between 1789 and 1868, as older trees died and younger generations failed to
take their place. Small and Haggett (1972) determined that over the 1867-1963 period,
the area of unenclosed woodland increased by approximately 517 ha, largely due to the
expansion of Betula, Quercus and Pinus sylvestris, and the establishment of younger
trees in gaps between larger individuals. Other estimates of the area of heathland differ
somewhat from those detailed in Section 4.3.1, as Westerhoff and Clarke (1992) found
that 5,729 ha of lowland heath and mire were enclosed within the plantations in the 18th
century alone. The fencing of the perambulation as stipulated in the 1964 New Forest
Act resulted in a further reduction in the area available for grazing animals. Since this
date, they have been confined to the area within the fence, which prohibits them from
straying onto adjacent suitable grazing habitat, including grazed verges and inter-linked
village greens and commons around the Forest. These areas are estimated at
approximately 2,000 ha (Cox and Reeves, 2000), which potentially supported 20-30% of
the Commoners’ stock (Tubbs, 2001). Further losses to the area and quality of land
available for Commoners’ stock have resulted from the invasion of the Open Forest by
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self-sown Pinus sylvestris (Stagg, 1990).

4.4

Main findings and conclusions

The most noticeable effect of human impact on the landscape over the time period
examined, is the drastic decline in the area of ancient pasture woodland and the
progressive enclosure of the Open Forest in response to the demand for commercial
forestry from the early to mid-17th century onwards. This practice resulted in a decline
in the area of these woodlands from approximately 7,962 ha c. 1789 to just 2,646 ha
today, with an additional 421 ha of 18th and 19th century broadleaved plantations. This
practice affected not only the pasture woodlands themselves but also the traditional
practice of commoning on the Open Forest, as the area of land available for grazing stock
has been gradually eroded over time. The enclosure of land not only reduced the area
over which deer and Commoners’ stock could graze, but also led to the conversion of the
enclosed grazing land to plantations. Of the land incorporated into the Inclosures, 4,714
ha were composed of grassland, heathland and mires, many of which were subsequently
planted with trees.

4.5

Methodological issues

1) Lack of more specific woodland categories:
In the estimation of woodland cover on the LUSGB map, it was not possible to
distinguish between broadleaved and coniferous woodland, or to make a distinction
between different forest/woodland categories based on tree density or canopy structure.
These distinctions would have facilitated the identification of areas of open woodland
(e.g. unenclosed pasture woodlands), as opposed to areas of closed forest (e.g. timber
plantations within the Inclosures). Such an approach has been adopted in previous
studies examining the changes in open pasture woodlands over time, e.g. Miklín and
Čížek (2014), and facilitates the quantification of change in the area of pasture woodland
in particular, in addition to the quantification of the overall change in the area of
wooded/forested land. This method is also relevant for land-cover based estimates of
ecosystem service delivery, as open woodlands can differ from closed forest with respect
to their ability to supply certain ES. However, although the area of more open pasture
woodland was not quantified from the LUSGB map, estimates are available for the 1789
and 2013 time points.
2) Errors relating to supervised image classification:
‘Noise’ on the LUSGB map, i.e., black text and symbols and red contour lines, presented
some difficulties in relation to the correct classification of these pixels in the raster map.
As stated in Section 4.2.2, there is likely to be an overestimation of the area of
urban/suburban land using the supervised image classification method. This issue could
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be resolved via the manual digitisation of the maps, although, as explained in Section
4.2.2, this would prove very time-intensive, and the supervised image classification has
been judged to be the most appropriate method, in terms of the trade-off between the
accuracy of the outputs and the effort involved.

Chapter 5

REVEALS: Reconstructing Past
Land-cover in the New Forest
5.1

Introduction

In Chapter 4, multi-temporal map analysis was employed as one method of estimating
historic land-cover patterns. In this chapter a second methodology is adopted, namely
the Landscape Reconstruction Algorithm (LRA) (Sugita, 2007a,b). The LRA is a
pollen-based model for the quantitative reconstruction of past vegetation patterns at the
regional and local scale. These approaches to historic land-cover reconstruction are
complementary - historic maps can tell us where different vegetation types lie in the
landscape, but often lack detailed information on the species composition of these broad
vegetation units, whereas pollen-based land-cover reconstructions at the regional scale
(using the LRA as in the present study), can offer insight into vegetation composition
but cannot inform us about its spatial distribution. Pollen-based reconstructions also
provide information on changes and fluctuations in land-cover that occurred at points in
time not captured by the maps. Together, these approaches permit us to not only
reconstruct past land-cover, but also to make inferences regarding the factors that led to
these changes, and to interpret the abundance of certain species or taxa as indicators of
historical conditions, whether these be regional, e.g. geologic events and climatic shifts,
or local, e.g. human activities, windthrow, vegetation succession and competition. In
this chapter, we use the pollen records gathered from nine New Forest mires by Grant
(2005) together with the REVEALS model (Sugita, 2007a), to produce quantitative
estimates of past land-cover for the New Forest at the regional scale, with the aim of
understanding how different disturbances and stressors have impacted this landscape
across space and time.
The specific research questions to be addressed in this chapter are:
RQ2. Are there evident trends in land-use and land-cover (LULC) change in the New
Forest over time, how do these changes relate to human activity and non-human drivers,
53

54

Chapter 5 : REVEALS: Reconstructing Past Land-cover in the New Forest

and what are the consequences for ES delivery?
• What changes, if any, can be observed in spatial patterns of vegetation cover and
composition in the New Forest and surrounding region over the period of record, as
estimated by REVEALS?
• How do the REVEALS estimates of regional vegetation composition compare to
%TLP for each taxon and each broad vegetation type modelled?
• How do %TLP values and model-based estimates compare to ‘known’ map and
survey-based vegetation cover and composition for the modern-day?

5.1.1

Pollen and the reconstruction of past landscapes

Palynology, the study of pollen grains, spores and other similar plant structures, can
serve a multitude of purposes, including the examination of trends in biodiversity over
time (Odgaard, 1999), and the investigation of anthropogenic influences in a landscape
(Faegri et al., 2005; Gaillard, 2013) and in particular anthropogenic land-cover change.
The quantitative reconstruction of historic vegetation composition to examine human
landscape use for a range of ecosystem services, the impacts of human activities on the
vegetation, environment and landscape, and the effects of the surrounding landscape on
the human population (cultural landscape history) has been of primary importance
(Gaillard, 2013). It is thus one of the major objectives of numerous fields of study,
ranging from palynology to palaeoclimatology to conservation biology.
Gaillard et al. (2009), Gillson (2009), Nielsen and Odgaard (2010), Hjelle et al. (2012),
Nielsen et al. (2012) and Gaillard (2013) highlight the role of pollen-based
reconstructions of cultural landscapes, and the examination of past human-vegetation
interactions in conservation science. In this context, they can provide valuable
information regarding ecological processes operating at long time scales, and the factors
necessary for the maintenance of particular species, biodiversity as a whole, and
sustainable vegetation dynamics. The impact of human activities on vegetation was
definitively demonstrated using pollen data for the first time by Iversen (1941), in his
identification of periods of cereal cultivation and human-induced deforestation for the
purpose of agriculture. Since then, these data have been used extensively to examine
long-term vegetation patterns, reconstruct cultural landscapes, identify the impacts of
anthropogenic activities on vegetation, and provide baseline data for the sustainable
management of natural and semi-natural landscapes, e.g. (Edwards, 1986), as well as to
establish past patterns of biodiversity, e.g. (Odgaard, 1999). Gillson (2009) highlights
the importance of history in landscape ecology, and the need to understand the past
processes that have shaped modern landscapes in order to inform future management
practices. Such reconstructions can also confirm or contradict commonly held
perceptions of modern-day landscapes and how they came to be. They often show that
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modern-day plant assemblages have been created, strongly influenced or maintained by
human activities, and that cultural landscapes or human-influenced semi-natural
habitats are of significant conservation and biodiversity value (Tipping et al., 1999;
McCune et al., 2013; Bradshaw et al., 2015). Thus, human activities and the existence of
landscapes of high conservation and biodiversity value are not necessarily mutually
exclusive and, indeed, human disturbances can be integral to the development of those
landscapes that we value so highly today, e.g. Olsson (2005), Bradshaw et al. (2015).
Cultural influences and traditional management practices should be considered in the
future management and conservation of cultural landscapes.
Pollen-based reconstructions are particularly important for obtaining long-term
perspectives on landscapes with a long history of cultural influence, and which have
dynamics that occur at long timescales, e.g. temperate woodlands in northwest Europe
that have long histories of cultural intervention. Many such studies have been used to
relate woodland change to land management strategies in recent centuries, e.g. timber
extraction (Mitchell, 2013), large herbivore grazing (Davies, 2011; Bradshaw et al.,
2015), and woodland clearance for settlements (Tipping et al., 1999; Feurdean et al.,
2009; Landbladh et al., 2013). Many of these studies show that present-day woodlands
hold a strong legacy of past exploitation, which has significantly influenced their extent,
structure and biodiversity. The relative importance of different drivers of change can
depend on the time period, e.g. Feurdean et al. (2009) found little evidence of
anthropogenic influence on old-growth forest dynamics in northwestern Romania prior to
200 BC, although after this date human activities including forest burning, seasonal
pastoralism and deforestation became important, with the scale of human impact
increasing in the last 150 years.
However, pollen records should not be viewed in isolation, as they need to be interpreted
in the wider context of change in the system. Care must also be taken when interpreting
palaeoecological records and ascribing vegetation changes to any one cause, as it can be
difficult to distinguish between anthropogenic and non-anthropogenic forcing factors
when interpreting land-cover changes (Moore et al., 1991; Faegri et al., 2005; Gaillard,
2013). Thus, the examination of system change over time should also include input from
archaeology, history, geography, economics etc. Furthermore, the interpretation of past
vegetation patterns in the context of regional and local environmental change needs to
consider the ecological demands of different species, i.e., the reasons for the presence or
absence of single species or plant communities. It also needs to take into account the fact
that changes in the pollen record may reflect successional changes, rather than shifts in
vegetation composition due to anthropogenic activities or climate change. Consequently,
in this study, pollen and map-based land-cover reconstructions will be examined in
conjunction with information on long-term system change, derived from documentary
sources and dynamic modelling of the ancient woodland component of the landscape. In
relation to the use of palaeo data to provide ‘baseline’ data for conservation and
management decisions, several authors, e.g. Tipping et al. (1999), Davies (2011),
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Mitchell (2013) and Bradshaw et al. (2015) state that, in the case of temperate northern
European woodlands, this is not so straightforward, as the dynamic past of such
woodlands “provide[s] a variety of scenarios, all of which could be classified as baseline”
(Mitchell, 2013, p. 5). Thus, when using land-cover reconstructions to inform
conservation and restoration strategies, the aim should not be to recreate woodland that
existed under natural conditions. Rather, we should acknowledge the important role of
human activities in creating the ancient woodland landscapes we value highly today,
restore those elements of the cultural landscape that are of most benefit to a range of
flora and fauna, and consider which of those elements will be most resilient to future
pressures, in particular climate change (Brown, 2010).

5.1.2

The Landscape Reconstruction Algorithm

In the reconstruction of past vegetation patterns using pollen records, the relationship
between pollen abundance and land-cover has typically been estimated through pollen
percentages, whereby the percentage of total land pollen (%TLP) represented by a
particular taxon, has been taken to be indicative of the abundance of that taxon in the
landscape at a given point in time. Also, the relative proportions of arboreal and
non-arboreal pollen (AP and NAP respectively) are often used as an indication of the
degree of openness of a landscape. However, there are a number of issues associated with
these approaches. In relation to the use of %TLP as a measure of plant species
abundance, numerous factors can come to bear upon the relationship between actual
plant species abundance and the presence of pollen in peats and sediments. These
include pollen productivity, pollen dispersal rates, stand density/density of surrounding
vegetation, topography, the spatial pattern of vegetation and land-cover, and the size of
the deposition basin (Prentice, 1985; Faegri et al., 2005; Sugita, 2007a,b). With regard to
AP:NAP ratios, NAP values have been found to be poor indicators of landscape
openness, and pollen percentages inappropriate for the direct reconstruction of landscape
openness by Broström et al. (1998) and Sugita et al. (1999). Furthermore, Faegri et al.
(2005) state that peat-derived high NAP values are not accurate indicators of tree
absence if they represent one NAP type only, or a few types characteristic of a single
plant community. NAP diagrams are also influenced by local vegetation to a greater
degree than AP diagrams, due to the fact that arboreal pollen generally travels greater
distances.
The lack of a one-to-one relationship between pollen presence and vegetation abundance
has long been recognised, and there have been several attempts to address this issue
beginning with the work of Fagerlind (1952), Davis (1963), Anderson (1970) and
Bradshaw (1981), and culminating in the development of the Landscape Reconstruction
Algorithm. This model explicitly accounts for species-specific differences in pollen
production and dispersal rates - two of the most important factors affecting the
relationship between pollen presence and abundance and actual vegetation cover - as well
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as variations in background pollen. In addition, LRA-based estimates are less spatially
ambiguous than previous vegetation reconstructions using pollen records, as they provide
spatially-explicit estimates of past vegetation cover. These are crucial for the
examination of past human-landscape interactions, and in understanding the processes
underlying vegetation change (Sugita et al., 2010). Previous studies have shown that the
LRA is superior to pollen percentages in terms of the accuracy of its estimates of
regional and local vegetation composition (Sugita, 2007a,b; Sugita et al., 2010).
The LRA is composed of two separate models, the first i s R EVEALS (Regional
Estimates of Vegetation Abundance from Large Sites), for the quantitative
reconstruction of vegetation at the regional scale (104 -105 km2 , i.e., an area within 100
and 400 km radius from the centre of the site; this represents the maximum spatial
extent of vegetation from a basin within which 90-95% or more of pollen is derived
(Sugita, 1993)). The second model is LOVE (LOcal Vegetation Estimates), used to
estimate vegetation composition at the local scale (i.e., within the relevant source area of
pollen, typically less than 2,000 m from the point at which the pollen cores were
collected) (Sugita, 2007a,b). For the purposes of the LRA, ‘large sites’ are defined as
“[sites] among which pollen assemblages are not statistically different within a given
regional distance”, and the pollen record from any one such site can be used to
reconstruct regional vegetation composition (Sugita, 2007a, pp. 230-231). Large sites
have an area of >100-500 ha, as for sites >100 ha the site-to-site variation in pollen
assemblages is small, even if the surrounding vegetation is patchy and heterogeneous
(Sugita, 2007a; Hellman et al., 2008a). Small sites cover an area of less than 100 ha
(Sugita et al., 2008), and pollen records from such sites are typically representative of
local vegetation cover (Bradshaw, 1988; Faegri et al., 2005). Fyfe et al. (2013) define a
small site as a site <50 ha in size, following Sugita (2007b) and Mazier et al. (2012).
The LRA has been used predominantly to reconstruct vegetation using pollen records
from large lakes, as pollen records from such sites have been shown to provide the most
accurate estimates of regional vegetation composition (Sugita, 2007a). However, there is
some evidence that it can also be applied to ‘non-ideal’ geographic locations (Fyfe et al.,
2013), including small peat bogs. Peat-based reconstructions can prove more challenging,
as these sites have a tendency to violate more of the assumptions of the LRA than lake
sites do, largely due to the interference of pollen-producing plants on the bog surface,
and the often small size and irregular (non-circular) shape of these sites. The presence of
pollen-producing plants on the surface of the study site is of particular concern, as these
can result in high values for non-arboreal pollen, potentially giving an inflated estimate
for open/non-forested land, especially for vegetation reconstructions at the regional level
(Faegri et al., 2005). It should be noted that as well as non-tree vegetation growing on
the bog surface, tree species such as Salix spp., Alnus glutinosa and Pinus sylvestris are
also supported. Furthermore, the size at which a lake can be defined as ‘large’ varies
depending upon landscape spatial composition, vegetation species composition and
vegetation patch size, wind speed and atmospheric conditions. For example, in
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simulations, Sugita (2007a), in an examination of the effect of vegetation patch size on
the minimum size of large sites (lakes), determined that as patch size increases, so does
the minimum lake size appropriate for use in REVEALS modelling. However, several
studies have found that even sites with an area of <100 ha can be sufficiently large for
use with REVEALS, e.g. Sugita (2007a) reported that large sites >48 ha can be used
with REVEALS for reliable estimates of regional vegetation, and Mazier et al. (2012)
defined large sites as sites >50 ha in their use of REVEALS in the Czech Republic.
The LRA has been shown to yield more accurate reconstructions of historic vegetation
patterns than pollen percentages, which have a non-linear relationship with vegetation
abundance, thus making reconstruction difficult (Sugita, 2007a,b; Soepboer et al., 2010;
Sugita et al., 2010). This model represents a step forward from ‘traditional’ methods
that use pollen data to reconstruct past vegetation patterns, in that it takes into account
a number of factors that influence the pollen representation of vegetation. These include
the spatial pattern of source plants, basin size, species-specific pollen dispersal
characteristics, and species-specific pollen productivity estimates (PPE). The LRA is
also more flexible in terms of its applicability to different spatial scales, due to its ability
to estimate the relevant source area of pollen (RSAP) (Sugita, 2007a).
The REVEALS model for the quantitative reconstruction of regional vegetation cover is
based on the theory that pollen assemblages from large sites - lakes and mires - are
representative of regional vegetation composition, and that these pollen assemblages do
not vary significantly among large sites in a region, with the pollen assemblages
becoming less variable and more homogeneous as the size of the lakes increases (Sugita,
2007a). This model is a generalised form of the R-value model (Davis, 1963), which is
based on the relationship between the representation of a species or taxon in the pollen
record and its actual abundance, i.e., the R factor, and estimates regional abundance of a
taxon given the following information:
• pollen count data from the site
• an estimate of the relative pollen productivity of the taxon
• an estimate of the fall speed of pollen
• the radius of the depositional basin
• an estimate of the maximum extent of the region from which pollen is derived
• a taxon-specific pollen dispersal-deposition function based either on Prentice
(1985) for bogs or Sugita (1994) for lakes
(Fyfe et al., 2013)
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The REVEALS model expresses the regional vegetation composition of each taxon as the
ratio of the pollen counts of each taxon weighted by its pollen productivity and dispersal
terms to the total sum of those for all taxa (Sugita et al., 2010). It is represented by the
formula:
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where
V̂i is the estimated proportion of regional vegetation composed of taxon i at site k
ni,k is the raw pollen count of taxon i at site k
k is the site from which the pollen are derived
α̂i is the pollen productivity estimate for taxon i - in this case relative to Poaceae
Zmax
R
Ki =
gi (z)dz, is the pollen dispersal-deposition coefficient of taxon i; for bogs,
R

Prentice’s model is appropriate (Prentice, 1985, 1988) and Sugita’s model for lakes
(Sugita, 1993). gi (z) is the pollen dispersal-deposition function of taxon i and z is the
distance in metres from the centre of site k
Zmax is the maximum spatial extent in kilometres of regional vegetation
R is the radius in metres of k
m is the total number of plant taxa used in the reconstruction
In the absence of large sites, as is the case in the present study, it is necessary to select
the largest sites available in order to provide the best possible estimates of regional
vegetation composition. For the New Forest, the largest and most circular sites are
Cranes Moor, Hive Garn Bottom and Rakes Brakes Bottom. It is also good practice to
use records from multiple sites (Sugita, 2007a; Hellman et al., 2008a,b), to provide more
reliable estimates of regional vegetation composition and to reduce the standard error of
these estimates, particularly where sites are small relative to vegetation patch size.
Although a larger number of samples is generally preferable, Hellman et al. (2008b)
recommend the removal of outlier samples from the pollen dataset, to reduce as much as
possible the degree of variability between the pollen assemblages. These same authors
state that “the impact of extreme outliers will result in greater error estimates in
particular for the more common taxa” Hellman et al. (2008b, p. 456). Multiple small
sites can provide reliable estimates of regional vegetation composition using REVEALS
in the absence of large sites, although the errors will be larger (Sugita, 2007a). Error
estimates of regional vegetation composition are obtained using the delta method (Stuart
and Ord, 1994) and Monte Carlo simulations (Sugita, 2007a,b). The calculation of the
error estimates requires the variances and covariances of the PPEs.
The REVEALS model has been tested and validated in idealised simulated landscapes
by Sugita (2007a), and empirically in a number of areas including southern Sweden
(Hellman et al., 2008a,b; Sugita et al., 2008), the Swiss Plateau (Soepboer et al., 2010)
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and northern Michigan and northwestern Wisconsin (Sugita et al., 2010). The first study
to validate REVEALS using empirical data was Hellman et al. (2008a) in southern
Sweden. This study validated the REVEALS outputs using modern pollen assemblages
from 10 large lakes (5 lakes in each of two 100x100 km regions, ranging in size from 76 to
1,225 ha), and actual vegetation cover using empirical data derived from a number of
sources for the same 100x100 km regions modelled. They found that REVEALS provided
very accurate estimates of broad land-cover and vegetation types such as coniferous and
deciduous woodland, grasses and cereals, and satisfactory estimates for all tree taxa
(with the exception of Quercus), the shrubs Salix and Juniperus and for the herbs
Poaceae, Cyperaceae, Cerealia and Secale, using pollen from surface sediment samples
when compared with modern empirical vegetation data. Soepboer et al. (2010) used
modern pollen assemblages derived from surface samples from four large lakes (>520 ha)
to validate REVEALS for the Swiss Plateau, by comparing the REVEALS outputs with
present day vegetation cover obtained from land-cover maps. These authors found that
the REVEALS-based estimates were much closer to actual vegetation cover than pollen
percentages alone, which generally underestimated the degree of landscape openness.
Sugita et al. (2010) demonstrated that, although the standard errors are larger, it is
possible to use pollen records from a network of small sites (in this case 21 forest hollows
from northwestern Wisconsin) to reconstruct regional vegetation composition. The larger
errors are due to greater differences in the pollen assemblages between small sites than
are typically found between large sites in a given region. These same authors suggested
that vegetation complexity, rather than site size, was important in determining the
number of small sites necessary for reliable vegetation reconstruction. However, the
situation in the Sugita et al. (2010) study, where pollen records from large numbers of
small sites were available, is unlikely to be the case in many regions, and is certainly not
the case in the New Forest. However, Nielsen and Odgaard (2010) demonstrated that a
network of four or five small lakes could be used to estimate regional vegetation
composition in Denmark. Fyfe et al. (2013) used REVEALS together with pollen records
from a large number of sites to reconstruct past regional vegetation cover for the British
Isles during the Holocene (in 500 year time slices from 10,200 cal yr BP to the
present-day). This study also provided an assessment of the performance of REVEALS
when pollen records from ‘ideal’ sites (i.e. large lakes) are not available. These authors
examined the performance of both REVEALS and LOVE by comparing the model
outputs obtained when using pollen records from a large lake vs a set of (6) small lakes
in the Western Isles of Scotland. More specifically, they compared local vegetation
composition estimated using pollen records at small sites based upon REVEALS
estimates from one large vs several small sites. They found that local vegetation
composition derived using regional vegetation estimates from a large site and a network
of several small sites were generally in good agreement. This corresponds with the
findings of Mazier et al. (2012), who found no systematic bias between
REVEALS-estimated regional vegetation based on bogs or lakes in the Czech Republic
pollen records, implying that the records from the small and large bogs in their study
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were representative of regional vegetation cover.
Sugita et al. (2008) and Soepboer et al. (2010), in their use of REVEALS to reconstruct
past vegetation patterns, both found that pollen percentages alone tended to
underestimate the degree of landscape openness and consequently human impact on the
environment, on the Swiss Plateau and in southern Sweden respectively. Nielsen and
Odgaard (2010) also found, in REVEALS and LOVE reconstructions in Denmark, that
the degree of openness in the landscape during the last 3,000 years is much higher than
previously thought using estimates based on pollen proportions alone. Fyfe et al. (2013)
found that the vegetation cover for the British Isles as estimated by REVEALS showed a
much higher degree of landscape openness than had been previously indicated by pollen
percentages. In general, in these studies, the REVEALS estimates for modern day
samples were found to more closely match present-day known vegetation cover than
pollen percentages.
The REVEALS model makes a number of assumptions as follows:
1. Land-cover and vegetation surrounding the site are homogeneous and pollen
assemblages do not differ significantly between sites
2. The site is a circular opening in the vegetation canopy and no pollen-producing
plants are present on the site surface
3. Wind above the canopy is the primary agent of pollen dispersal and waterborne
pollen inputs are not considered
4. Atmospheric conditions are neutral and wind speed is constant at 3 m sec-1 and
blows uniformly in all directions
5. Directionality of pollen dispersal and deposition is not considered
6. Differences in the height of pollen producers and the effects on pollen dispersal and
deposition are not considered
7. There are no preservation biases among the taxa of pollen grains in sediments
8. The regional vegetation factor Si is region specific and does not vary among sites
9. Pollen dispersal and deposition is described by Prentice’s (Prentice, 1985, 1988)
model for bogs and the (Sugita, 1993) Ring-Source model for lakes
10. Pollen productivity is species-specific and is constant through time and space in a
given region
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Methodology
Study sites and pollen data

Peat cores were collected from nine valley mires in the New Forest in 2002 - for full
details of the subsequent pollen sampling and analysis procedures see Grant (2005). The
location of each of these sites is shown in Figure 5.1 and site characteristics are detailed
in Table 5.1. For the purposes of this study, three of these sites have been designated
‘large’ sites due to their comparatively large size and the fact that of all the sites they
are the most circular in shape: Cranes Moor, Hive Garn Bottom and Rakes Brakes
Bottom. The remaining sites are ‘small’ bogs, ranging in size from approximately 0.7 to
19.3 ha. In order to examine the robustness of the REVEALS model in estimating
regional vegetation composition using only ‘non-ideal’ sites, i.e., small, non-circular bogs
with on-site vegetation, the model was run for a number of scenarios involving both large
and small sites - see Section 5.2.3.
As the New Forest landscape is heterogeneous, some of the sites differ quite significantly
in terms of the composition of the surrounding vegetation. A full description of the
vegetation around each of the nine sites can be found in Grant (2005) - this includes a
summary of the vegetation growing on the bog surface as described by Alcock (1984) (for
all sites with the exception of Hive Garn Bottom and Alderhill Bottom) and Grant
(2005) for Hive Garn Bottom and Alderhill Bottom. A brief summary of their
descriptions is included in Appendix B, Section B.1.
Of the total number of taxa identified f rom p ollen r ecords, 1 6 w ind-pollinated t axa were
selected for input to REVEALS, according to the availability of pollen productivity
estimates (PPEs) and pollen fall speeds, and the existence of sufficiently high pollen
counts. Grant (2005) conducted pollen counts of the peat cores at a 2 cm resolution with
400 pollen grains counted per sample. REVEALS provides estimates of regional
vegetation composition for time windows that can vary in length - in this study they
range from 25 years in recent history to 500 years at more distant time points. Hellman
et al. (2008b) stress the importance of using multiple pollen samples per time window
and the importance of good chronological control when multiple sites are used, so that
the time windows used in the REVEALS reconstructions match each other.
The chronology for each of the nine sites was established using spheroidal carbonaceous
particles (SCPs) and radiocarbon dating, as described in full by Grant (2005), Grant
et al. (2009) and Grant et al. (2014). SCPs are produced by fossil fuel combustion and
were used to provide two dating horizons for the upper peat sequence - c. AD1950 for
the increase in SCP production and c. AD1980 for the decline (Rose and Appleby,
2005). The SCP-derived dates were cross-checked using the correlation of the pollen
(notably Pinus) with the local plantation history (M.J. Grant, pers. comm). The
number of radiocarbon dates obtained varies from site to site, ranging from 2 dates at
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Alderhill Bottom, Hive Garn Bottom and Rakes Brakes Bottom, to 8 dates at Barrow
Moor, Church Moor and Cranes Moor. Further details of the radiocarbon dates obtained
for each site are provided in Appendix B, Tables B.1-B.9. Summary percentage pollen
diagrams for each of the sites (for taxa occurring at greater than 1% TLP) are included
in Appendix B, Figures B.1-B.9. For the REVEALS analysis, multiple samples were used
per time window, taking into account only those taxa used as input for the model, and
considering the fact that a variable number of samples were pooled for each time window
examined. Pollen counts were aggregated into bins for each time window to give a single
pollen count for each. When pollen records from all sites and all taxa were included, the
‘binned’ samples contained between 3 and 78 samples, resulting in pollen counts for each
time window of between 2,143 and 56,237 pollen grains.
These counts are sufficiently large as they exceed the 1,000 pollen grains required by
Sugita (2007a,b) for the estimation of the standard errors of regional vegetation
composition, which state that counts should be as large as possible to permit better
estimates of vegetation cover and smaller errors. Sugita (2007a) states that, in theory, a
single high pollen count obtained from a single sample per lake would provide a similar
magnitude of standard errors as the sum of several low pollen counts from the same lake
or from several lakes, assuming that there are no significant b etween-site variations in
pollen assemblages. However, in empirical situations, the use of a single sample always
implies the risk of obtaining an unreliable reconstruction, in case the unique, single large
pollen count, and/or the lake sampled are outliers (Hellman et al., 2008a). Mazier et al.
(2012) estimated regional vegetation composition using REVEALS and pollen records
from the Czech Quaternary Palynological Database, and had total pollen counts in a
single time window and pollen record of between 238 and 35,841 grains for time windows
of 100-500 years.
Details of the grouping of the input taxa, as well as the relevant PPEs and pollen fall
speeds, can be seen in Table 5.2. In the New Forest data, each taxon was originally
represented as a percentage of total land pollen (%TLP). In order to allow comparison
with the outputs of the REVEALS model, these percentages were recalculated using the
sum of the 16 taxa used as inputs to REVEALS. Averaged values across each of the sites
were then calculated for each time window. The REVEALS outputs represent the mean
model outputs for each of the input study sites used in a particular scenario. For the
‘modern day’ time window, i.e., -52 to -27 yr BP (1977-2002) 25-year time window, the
mean proportion of the total pollen sum represented by the 16 taxa over this time period
varies from site to site, tending to be higher at those sites with a greater proportion of
surrounding woodland, where they constitute between 67.1% and 97.3% of the total
pollen sum for each site. PPEs are available for nine study areas in Europe: Finland,
central Sweden, southern Sweden, Norway, England, Swiss Jura, Estonia, Denmark and
the Swiss Plateau (Broström et al., 2008).
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Figure 5.1: Top: Location of study sites for REVEALS. White squares represent the
50x50 km and 100x100 km regions (centered on the three large sites) for which mapbased regional vegetation composition was estimated. Green dots indicate large sites and
orange squares indicate small sites. Bottom: Close-up of study site locations.
Key to site codes: ADH - Alderhill Bottom; BRM - Barrow Moor; CHM - Church Moor; CRM
- Cranes Moor; GRB - Gritnam Bog; HGB - Hive Garn Bottom; RBB - Rakes Brakes Bottom;
STH - Stephill Bottom; TNB - The Noads Bog.
Source: NFNP boundary - Natural England GIS Digital Boundary Datasets; Basemap imagery - Esri (Environmental Systems Research Institute), DigitalGlobe, GeoEye, i-cubed, USDA
(United States Department of Agriculture), AEX, Getmapping, Aerogrid, IGN (Instituto Geográfico Nacional de España - National Geographic Institute of Spain), IGP (Instituto Geográfico
Português - Portuguese Geographic Institute), swisstopo, and the GIS user community

Site name
Cranes Moor
Hive Garn Bottom
Rakes Brakes Bottom
Alderhill Bottom
Barrow Moor
Church Moor
Gritnam Bog
Stephill Bottom
The Noads Bog

Site code
CRM
HGB
RBB
ADH
BRM
CHM
GRB
STH
TNB

Location
50.817238, -1.7316611
50.934115, -1.7210283
50.912443, -1.6855976
50.922411, -1.7154074
50.921501, -1.7111449
50.861082, -1.6490009
50.860018, -1.5978597
50.843471, -1.5042612
50.821581, -1.4363497

Area (ha)
32.37
5.08
10.78
2.17
7.86
2.15
0.68
19.26
3.09

Radius (m)
200
120
200
30
25
50
20
100
75

Length of pollen record
BC 8424-AD 1995
BC 1946-AD 2001
BC 3718-AD 2001
BC 110-AD 2002
BC 1637-AD 1997
BC 8353-AD 1998
BC 2379-AD 2000
AD 1963-AD 2002
BC 6532-AD 2000
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Table 5.1: Coordinates, size, and approximate radius of the nine sites within the New Forest where pollen data were collected, and the duration of
the pollen record at each site. Location is recorded in decimal degrees.
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PPEs are not absolute values, but are expressed relative to one of the taxa involved in
the calculation, usually Poaceae (Broström et al., 2008). These PPEs vary, particularly
for certain taxa. Such differences may be due to differences in the methodologies used to
sample both the vegetation and the pollen, and differences in environmental variables
(climate, land-use practices, vegetation structure and species composition) between the
study areas, which can affect the pollen productivity of a species (Broström et al., 2004,
2008). Furthermore, as all PPEs are expressed relative to Poaceae, comparisons between
sets of PPEs from different regions assume constant pollen productivity for Poaceae from
all areas. This is not necessarily the case, as different regions may have different species
of Poaceae and different land-use and climate conditions. However, for various reasons, it
is the most practical reference taxon (Broström et al., 2008). Given the limited
availability of PPEs for the UK, the PPEs and pollen fall speeds (PFS) used in this study
derive from a list of PPEs and PFSs for 35 taxa (Broström et al., 2008), and have also
been used in Gaillard et al. (2010) and Nielsen et al. (2012). As per Mazier et al. (2012)
and Fyfe et al. (2013), this study uses the mean of all available PPEs for each taxon.
The 16 taxa were grouped into a number of broad vegetation types, based on the plant
communities that they best represent, as detailed in Table 5.2. Many of these taxa are
generally indicative of a single, well-defined vegetation type, e.g. Quercus and Fagus are
representative of broadleaved woodland. However, others are perhaps less easy to
categorise, e.g. Poaceae is a group typically found in grassland habitats, but in the New
Forest is also commonly found in areas classified as heathland and mire, and is also
frequently present on the woodland floor. The broad vegetation type categories used
here are similar to the groupings of Fyfe et al. (2013). These authors defined six classes:
coniferous trees (Abies, Picea, Pinus); deciduous trees (Alnus, Betula, Carpinus, Fagus,
Fraxinus, Quercus, Tilia, Ulmus); shrubs (Corylus, Juniperus, Salix); heath (Calluna);
grasses (Poaceae); and other herbaceous taxa (Artemesia, Cerealia-t, Cyperaceae,
Filipendula, Plantago lanceolata, P. media, P. montana, Rumex acetosa-t and Secale-t).
Increases in Poaceae and disturbance indicators such as Plantago spp. and Rumex spp.,
are often used as signs of human-induced landscape openness and disturbance and a
grazed landscape, e.g. Nielsen et al. (2012). From Behre (1981), Berglund (1991) and
Gaillard (2013), the taxa examined in this study can also be grouped as follows: trees
and shrubs of damp soil: Alnus and Salix; shade-tolerant trees and shrubs: Fraxinus,
Ulmus, Tilia, Fagus; light-demanding trees and shrubs: Corylus, Betula, Pinus, Quercus;
dry pastures and heath: Calluna, Erica tetralix, Ericaceae undiff., Plantago media,
Vaccinium spp.; fresh meadows and pastures: Filipendula, Plantago lanceolata, Poaceae
undiff., Potentilla, Ranunculus acris-type, Rumex acetosa/acetosella; wet meadows and
salt meadows: Caltha palustris; ruderal communities: Plantago major, Urtica. Although
the REVEALS input taxa are grouped as outlined in Table 5.2, they are also considered
individually and are compared to modern-day mapped percentage cover values for each
taxon.

Broad vegetation type
Broadleaved woodland

Coniferous woodland
Heathland

Grassland
Herbs
Grazing/disturbance

REVEALS taxon
Alnus
Betula
Corylus
Fagus
Fraxinus
Quercus
Salix
Tilia
Ulmus
Pinus
Ericaceae
Ericaceae
Ericaceae
Calluna
Poaceae
Herbs
Rumex
Plantago

Original species/taxon
A. glutinosa
Betula spp.
C. avellana, C. avellana-type
F. sylvatica
F. excelsior
Quercus spp.
Salix spp.
T. platyphyllos, T. cordata
Ulmus spp.
P. sylvestris
Erica ciliaris, E. cinerea, E. tetralix
Andromeda polifolia
Vaccinium-type
C. vulgaris
Poaceae undiff.
Various
R. acetosella, R. acetosa
P. major, P. media, P. lanceolata

PPE
9.07
3.09
1.99
2.35
1.03
5.83
1.22
0.8
1.27
6.38
0.07
0.11
0.07
0.82
1.00
1.964
2.14
1.19

PFS (m/sec)
0.021
0.024
0.025
0.057
0.022
0.035
0.022
0.032
0.032
0.031
0.038
0.038
0.038
0.038
0.035
0.020
0.018
0.026
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Table 5.2: The broad vegetation type, constituent taxa, pollen productivity estimates (PPE) and pollen fall speeds (PFS) for each of the 16 taxa
used in REVEALS. PPEs are relative to Poaceae.
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Land-cover data

The REVEALS model is validated via comparison of the ‘modern-day’, i.e., 1977-2002
time window outputs, with independently derived mapped vegetation cover for
approximately the same period. Although the maps used, as detailed below, do not
exactly cover the 1977-2002 time period, they do provide an approximate match. The
approach followed here for the validation of the REVEALS model is similar to that
followed by Hellman et al. (2008a) and Soepboer et al. (2010).
Although, strictly speaking, the region as defined by R EVEALS c an e xtend u p t o 105
km2, previous studies have compared REVEALS outputs to known vegetation cover
within an area of 50x50 to 100x100 km. For example, Hellman et al. (2008a,b) assumed
that a 100x100 km region was large enough to represent regional vegetation in the
province of interest. These authors estimated vegetation composition within a 100x100
km and a 50x50 km region centered on their study sites, to determine the spatial scale of
the vegetation reconstruction provided by REVEALS. They found that the REVEALS
estimates of regional vegetation cover agreed more closely with actual vegetation cover
within the 100x100 km region when compared with the 50x50 km region. The same
approach was followed in the present study, where vegetation cover for each of the 16
REVEALS input taxa was estimated first for the 100x100 km region, from which values
for the 50x50 km region were then extracted. Furthermore, Faegri et al. (2005) state that
the 50-100 km distance from a particular site delineates a natural limit of aerial pollen
dispersal. These regions can be seen in Figure 5.1 - the 50x50 km region covers south
west Hampshire, including the vast majority of the New Forest National Park, east
Dorset, south east Wiltshire and the north western corner of the Isle of Wight. The
100x100 km square extends over most of Hampshire, the southern half of Wiltshire, the
eastern half of Dorset, a small part of eastern Somerset, all of the Isle of Wight and part
of the English Channel.

5.2.2.1

Broad land-cover classes

Within the NFNP boundary, a number of datasets were combined to produce an
estimate of the percentage cover of each of the land-cover types and individual taxa
included in the REVEALS analysis. For the estimation of the broad habitat types, two
maps were produced:
a) the first map used the following sources (in order of detail from most to least detailed):
2013 Forestry Commission Stock Map (Inclosures only), the LIFE vegetation map 2000
(LIFE Partnership, 2000), the BAP Priority Habitats map (Hampshire Biodiversity
Information Centre Partnership, 2012), the National Forest Estate Woodlands Map, the
National Forest Inventory (2010) and the Land Cover Map 2000 (LCM2000) (Fuller
et al., 2002). From these, a composite map was created in ArcGIS 10.2 (ESRI, 2013),
employing data from the most detailed map in the case of spatial overlap, where the
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remaining area was then filled in by the next most detailed map and so on until the
entire 100x100 km region was covered. Due to the varying levels of detail contained in
the different maps, the agreement between the map vegetation/land-cover categories and
the REVEALS input taxa also varies. For example, for the area covered by the FC stock
maps, the LIFE vegetation map and the National Forest Estate Woodlands map, it was
possible to identify and include only those tree taxa included in REVEALS and to
disregard all others. However, for the LCM2000, which does not specify individual tree
taxa, all estimates of ‘broadleaved woodland’ and ‘coniferous woodland’ cover include
not only those relevant to the REVEALS analysis, but also other tree taxa.
b) a second estimate was derived solely from the LCM2000. As specified above, it is not
possible to derive precise estimates for the percentage cover of the model input taxa from
this map. With respect to the trees, any disparities between the map-based estimates and
the model outputs are likely to be greatest for the coniferous woodland category, as only
a single conifer species, Pinus sylvestris, was included in REVEALS, whereas multiple
species are present in the landscape. In southeast England in the year 2000, Pinus
sylvestris covered 23,453 ha of the region, equivalent to 45.5% of all coniferous woodland.
In the case of broadleaved woodland, in the southeast in 2000, Quercus spp. comprised
26.6%, Fagus spp. 13.8%, Fraxinus spp. 15.8%, Betula spp. 14.6% and Ulmus spp. 0.3%
of all broadleaved species (other broadleaves comprised 15.9% and mixed broadleaves
9.4%) (Forestry Commission, 2002). Thus, the taxa included in REVEALS are those
taxa that cover the majority of the broadleaved woodland land-cover class in the region.
The relationships between the broad habitat types examined using REVEALS and those
defined by the different maps are detailed in Appendix B, Table B.1.
For the purpose of comparison with the REVEALS outputs, all land-cover/abundance
values were calculated relative to the total cover of the REVEALS input taxa.
Non-pollen producing areas, e.g. urban land, lakes, coastal cliffs etc. were ignored, as
were pollen-producing areas dominated by taxa not included in the REVEALS
reconstructions. This is because the model assumes that the input taxa occupy 100% of
the landscape. The map land-cover categories were also reclassified as necessary to
match with the REVEALS categories. In the case of the composite map, the original
map contained a total of 120 land-cover/land-use and vegetation cover categories which,
through the elimination of duplicates and grouping of similar taxa, were ultimately
reduced to 14 categories, broadly representative of the 16 taxa used as input to
REVEALS.

5.2.2.2

Individual tree and non-tree taxa

Percentage cover estimates for individual tree taxa within the 100x100 and 50x50 km
regions were obtained from the National Inventory of Woodland and Trees 2000
(NIWT2000) for the 50x50 km and 100x100 km regions. Survey work for the NIWT in
southern England was carried out between the mid-1990s and July 2000. This inventory
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was comprised of two separate surveys that assessed all woodlands, groups of trees,
linear tree features, and individual trees in the rural landscape, as well as areas of
woodland greater than two ha in urban areas. It does not include hedgerows that do not
contain a tree component or smaller urban woodlands and trees. Percentage cover
estimates for each taxon were based on the total cover of REVEALS input taxa,
estimated using the composite land-cover map.
The estimation of abundance for non-tree taxa proved more complicated, as it was not
possible to obtain percentage cover estimates for these taxa over the entire area of
interest. It was assumed that non-tree taxa were present only in non-woodland habitats,
i.e., heathlands, grasslands and mires. An indirect approach was adopted, whereby rough
estimates were derived by mapping mean occurrence and abundance values obtained
from Sanderson (1998) onto National Vegetation Classification (NVC) categories. These
were then mapped onto the corresponding broader vegetation/habitat classes of the
composite land-cover map depicted in Figure 5.2. The full process is detailed in
Appendix B, Section B.2.

5.2.3

REVEALS - validation and reconstruction

The estimation of regional vegetation cover using REVEALS (REVEALS.v4.5.exe) was
carried out for a total of 27 time slices or windows over the entire length of the record,
although the 1702-2002 period is of most interest in this study. The REVEALS model
estimates the proportion of the region covered by each input taxon for each time
window, as well as the standard error of the estimates. The length of the time windows
increases further back in time, from 25 years to 75 years, and ultimately 500 years for
the pre-1702 record. The smaller size of the time windows for the 1927-2002 and the
1702-1927 periods reflects the fact that the focus is on the last several centuries,
although the evolution of the landscape prior to this period is also of interest. These
time windows represent ‘snapshots’ of vegetation cover and dynamics at selected points
in the past, which can be related to those factors that drive vegetation dynamics both at
those particular time points and in the preceding period(s). The time windows used are
listed in Table 5.3. These windows remained constant across all model runs.
As the pollen was derived from mires, Prentice’s dispersal-deposition model is
appropriate (Prentice, 1985, 1988). Sugita (2007a) states that Zmax , the maximum
distance within which the majority of pollen comes from, can be set to between 50 and
400 km, as suggested by simulations. In this study, Zmax is set to 50 km, following
Hellman et al. (2008b). Mazier et al. (2012, p. 39) state that Zmax is “[in essence] the
spatial resolution of the regional vegetation and land-cover to be reconstructed”. The
default settings of neutral atmospheric conditions (see Sugita (2007a)) and a wind speed
of 3 m sec-1 were used. Although pollen dispersal can be affected by atmospheric
conditions, it is reasonable to adopt the assumption of neutral conditions here, as
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previous studies have shown that non-neutral conditions do not significantly alter the
REVEALS outputs (Sugita, 2007a).
Thirteen separate model runs were carried out to examine the effects of different sizes of
sites and different taxa on the outputs, and to investigate the effectiveness of large vs.
small sites in the estimation of regional vegetation cover. These are detailed in Table 5.4.
The effect of site size on the model outputs was examined by using pollen data from only
the three large sites in scenarios 1-5, from all nine sites in scenarios 6-9 and from only
the six smallest sites in scenarios 10-13, as some authors, e.g. Mazier et al. (2012), have
found that REVEALS estimates of regional vegetation composition do not differ
significantly between large sites and a network of smaller sites. The removal of Ericaceae,
Calluna and Alnus from some of the scenarios is due to the fact that they are potentially
‘troublesome’ taxa, as they can be found on or near the bog surface. The output from
the 13 scenarios was compared to the %TLP for each taxon and each broad vegetation
type, averaged out across the corresponding sites.
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Table 5.3: Selected time windows for REVEALS vegetation reconstruction and the
approximate mid-points of each time window (in years AD/BC). 0 cal yr BP = AD 1950.

Time window (yrs)
25
25
25
75
75
75
502
500
...
500

Year
AD 1977 to AD 2002
AD 1952 to AD 1977
AD 1927 to AD 1952
AD 1852 to AD 1927
AD 1777 to AD 1852
AD 1702 to AD 1777
AD 1200 to AD 1702
AD 700 to AD 1200
BC 8800 to 8300

cal yr BP
-52 to -27
-27 to -2
-2 to 23
23 to 98
98 to 173
173 to 248
248 to 750
750 to 1250

Mid-point
AD 1989
AD 1964
AD 1939
AD 1889
AD 1809
AD 1734
AD 1451
AD 950

10250 to 10750

BC 8550

Table 5.4: Details of the thirteen REVEALS model runs carried out using different
combinations of sites and input taxa.

Scenario
1
2
3
4
5
6
7
8
9
10
11
12
13

Sites
CRM, RBB, HGB
CRM, RBB, HGB
CRM, RBB, HGB
CRM, RBB, HGB
CRM, RBB, HGB
All nine sites
All nine sites
All nine sites
All nine sites
ADH, BRM, CHM,
ADH, BRM, CHM,
ADH, BRM, CHM,
ADH, BRM, CHM,

GRB,
GRB,
GRB,
GRB,

STH,
STH,
STH,
STH,

TNB
TNB
TNB
TNB

Taxa
All
Ex-Ericaceae
Ex-Calluna
Ex-Ericaceae, ex-Alnus
Ex-Alnus
Ex-Ericaceae
Ex-Calluna
Ex-Ericaceae, ex-Alnus
Ex-Alnus
Ex-Ericaceae
Ex-Calluna
Ex-Ericaceae, ex-Alnus
Ex-Alnus

Key to sites: CRM - Cranes Moor; RBB - Rakes Brakes Bottom; HGB - Hive
Garn Bottom; ADH - Alderhill Bottom; BRM - Barrow Moor; CHM - Church
Moor; GRB - Gritnam Bog; STH - Stephill Bottom; TNH - The Noads Bog.
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Results
Land-cover data

From the composite map, REVEALS input taxa cover 121,515 ha (48.6%) of the 50x50
km region, and 390,051 ha (39%) of the 100x100 km region. According to the LCM2000
map, these values are 124,328 ha (49.7%) and 442,444 ha (44.2%) for the 50x50 and
100x100 km regions respectively. All of the cover estimates detailed below are expressed
as a percentage of the total area in each region covered by the REVEALS input taxa, as
determined from the relevant map. Figure 5.2 shows the percentage cover and
distribution of the broad land-cover classes as estimated from the composite and
LCM2000 land-cover maps. For the composite map, derived from six separate maps
covering different periods within the 1978-2012 timeframe, in the 50x50 km region,
broadleaved woodland, coniferous woodland, grassland and heathland cover 25.8, 8.1,
55.4 and 10.4% of the landscape respectively, and within the 100x100 km region they
cover 19.9, 5.5, 69.3, and 4.5%. The greater percentage of woodland and in particular
broadleaved woodland cover within the 50x50 km region, is due largely to the higher
proportion of this area that is occupied by the New Forest. There are areas in the data
allocated to ‘mixed broadleaves’ (where many species occurred together over a small area
and the protocol regarded these as ‘mixed’), and ‘other broadleaves’, which included
species not on the species list but could include, for instance, other Quercus species.
The LCM2000 map is the only map available in the year closest to that in which the
cores were taken, and which covers the entire 100x100 km region. From this map, the
REVEALS input taxa cover a total of 124,328 ha (49.7%) in the 50x50 and 442,444 ha
(44.2%) in the 100x100 km regions. Estimates for the cover of broadleaved woodland,
coniferous woodland, grassland and heathland within the 50x50 km region are 29, 9.1,
51.6 and 10.3% respectively, and within the 100 km region are 19.5, 17.2, 59.4 and 3.9%
respectively.
Percentage cover estimates for each of the individual tree taxa derived from the National
Inventory of Woodlands and Trees 2000 (NIWT2000) are depicted for the 50x50 km and
100x100 km regions in Figure 5.3. In both regions, the most abundant taxa are Fagus
sylvatica, Fraxinus excelsior and Quercus, which cover between 2.5 and 2.8% of the 50x50
km region, and between 2 and 2.8% of the 100x100 km region. In the 100x100 km region,
Betula and Pinus sylvestris are also relatively abundant, covering 1.8 and 2.1% of the
area respectively. The least abundant taxa in both regions are Corylus, Tilia and Ulmus,
with each comprising less than 0.1% of the total area covered by the REVEALS input
taxa. In the 50x50 km region, these taxa combined cover 9.9% of the landscape covered
by REVEALS input taxa (as determined from the composite map), and 14.1% of the
100x100 km region.
For the non-tree taxa, approximate estimates derived from linking NVC categories to the
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Composite map
25.3%
55.7%

8.0%
10.7%

19.9%
69.3%

5.5%
4.5%

LCM 2000
29%
51.6%
9.1%
10.3%

19.5%
Broadleaved woodland
Coniferous woodland
Grassland
Heathland
NFNP boundary
Other
50x50 and 100x100 km regions

59.4%

17.2%
3.9%

Figure 5.2: Percentage cover of each of the four land-cover types: broadleaved woodland, coniferous woodland, heathland and grassland, as estimated from the composite
land-cover map (top) and the LCM2000 map (bottom). For each map, the top pie chart
details percentage cover of each of the land-cover types within the 50x50 km region, and
the bottom pie chart details cover within the 100x100 km region. The cover estimates are
expressed as the percentage of the total area in each region covered by REVEALS input
taxa. The category ‘other’ includes all those land-cover/vegetation types not included
within the REVEALS analysis.
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LIFE vegetation map and LCM2000 broad vegetation classes are depicted in Figure 5.4.
Cover estimates for Poaceae are 60.3 and 61.4%, for Calluna 9.0 and 4.0%, for Herbs 13.0
and 13.4%, for Rumex 1.8 and 1.9%, and for Plantago 1.7 and 1.8% for the 50x50 and
100x100 km regions respectively. Percentage cover estimates obtained for the
broadleaved tree taxa and Pinus sylvestris using this method are slightly higher than
those depicted in Figure 5.3. This is due to the fact that each individual tree taxon
comprises a higher proportion of the landscape, as the total area covered by the
REVEALS taxa is lower - 88,431 ha (35.4%) and 336,460 ha (33.6%) for the 50x50 and
100x100 km regions respectively.

5.3.2

REVEALS

REVEALS outputs for the modern-day time slice across 13 different scenarios are
presented in Figures 5.5 - 5.6 for the four broad land-cover classes and the individual tree
taxa. The first five scenarios used pollen records only from the three largest sites - CRM,
RBB and HGB. For these scenarios, broadleaved woodland estimates ranged from 15.8
to 27.7%, coniferous woodland (Pinus sylvestris) from 3.7 to 6.5%, grassland from 32.7
to 56.9%, and heathland from 9.3 to 47.7%. Differences in the outputs from each of these
scenarios are due primarily to the exclusion of the Ericaceae taxon in scenarios 2 and 3,
which resulted in a significant decrease in the proportion of heathland (in these scenarios
represented only by Calluna), and a consequent increase in the proportion occupied by
the other taxa. The removal of only Calluna or Alnus, in scenarios 3 and 5 respectively,
did not significantly alter the results with respect to scenario 1 in which all taxa were
present. Scenarios 6-9 included data from all nine sites. For this group of model runs,
broadleaved woodland estimates ranged from 28.7 to 18.5%, coniferous woodland (Pinus
sylvestris) from 4.2 to 6.2%, grassland from 32.3 to 47.3%, and heathland from 19.0 to
45.0%. As with scenarios 1-5, the removal of Ericaceae from the analysis did lead to a
decline in the proportion of heathland, although not to the same degree. Scenarios 10-13
utilised data from the six smallest sites only. The elimination of Ericaceae in scenario 10
led to a significant decrease in heathland. Overall, the inclusion of Ericaceae in the model
greatly increased the proportion of the region covered by heathland, although this effect
was most notable in scenarios 1-5, i.e., those utilising data from the three largest sites.
For the individual tree taxa, the outputs from the different scenarios are compared in
Figure 5.6. The dominant taxa in terms of their percentage cover are Fagus (5.3-12.1%
across all scenarios), Quercus (2.7-4.7%) and Pinus (3.7-6.5%). Corylus ranged from 1.5
to 5.4%, Betula from 2.2-4.6% and Fraxinus from 1.2-2.9%. The lowest proportions were
those of Salix (0.4-1.4%), Tilia (0.2-0.5%) and Ulmus (0.3-0.5%). The percentage cover
of most taxa, with the exception of Corylus and Fraxinus, tended to be slightly higher in
those scenarios that used data from the six small sites. This is most clearly evident in the
case of Salix and in particular Alnus. Amongst those scenarios that used records from
the three large sites (1-5) and all nine sites (6-9), values tended to be higher with the
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50x50 km region
Alnus glu nosa
Betula spp.
Corylus spp.
Fagus sylva ca
Fraxinus excelsior
Quercus spp.
Salix spp.
Tilia spp.
Ulmus spp.
Pinus sylvestris
Mixed
broadleaves

0.63%
0.66%
0.04%
2.55%
2.51%
2.78%
0.34%
0.05%
0.05%
0.60%
0.32%

Alnus glu nosa
Betula spp.
Corylus spp.
Fagus sylva ca
Fraxinus excelsior
Quercus spp.
Salix spp.
Tilia spp.
Ulmus spp.
Pinus sylvestris
Mixed broadleaves
Other broadleaves

0.23%
1.79%
0.07%
2.84%
2.42%
2.04%
0.46%
0.05%
0.06%
2.14%
1.15%
0.01%

100x100 km region

Figure 5.3: Percentage cover of each of the nine broadleaved tree taxa and Pinus
sylvestris, as estimated by the National Inventory of Woodland and Trees 2000 (NIWT)
for the 50x50 (top) and 100x100 (bottom) km regions. The cover estimates are expressed
as the percentage of the total area in each region covered by REVEALS input taxa.
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50x50 km region

Poaceae
60.33%

Rumex 1.79%
Plantago 1.73%
Herbs
13.08%
Alnus glu nosa
Betula spp.
Corylus spp.
Fagus sylva ca
Fraxinus excelsior
Quercus spp.
Salix spp.
Tilia spp.
Ulmus spp.
Pinus sylvestris

Calluna
9.05%

100x100 km region

0.87%
0.91%
0.05%
3.50%
3.45%
3.82%
0.47%
0.07%
0.07%
0.82%

Rumex 1.87%
Poaceae
61.35%

Plantago 1.79%
Herbs
13.43%

Calluna 4.06%

Alnus glu nosa
Betula spp.
Corylus spp.
Fagus sylva ca
Fraxinus excelsior
Quercus spp.
Salix spp.
Tilia spp.
Ulmus spp.
Pinus sylvestris

0.26%
2.07%
0.08%
3.30%
2.80%
5.84%
0.54%
0.05%
0.07%
2.48%

Figure 5.4: Percentage cover of each of the REVEALS non-tree taxa - Calluna, Poaceae,
Rumex, Plantago and Herbs - for the 50x50 (top) and 100x100 (bottom) km regions. The
cover estimates are expressed as the percentage of the total area in each region covered
by REVEALS input taxa, estimated according to the procedure described in Appendix
B, Section B.2. Percentage cover values1 for the tree taxa are also provided.
1

As the NVC-based method results in a lower estimate of the total area covered by the REVEALS
input taxa than that obtained using the broad land-cover categories of the composite land cover
map - see Section 5.3.1 - this has resulted in slightly altered estimates for the percentage cover
of the tree taxa compared to those depicted in Figure 5.3.
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exclusion of Ericaceae. Results from scenarios 10-13 (six small sites) showed less
variation, although the exclusion of Alnus yielded slightly lower estimates for most taxa.
For the non-tree taxa - Ericaceae, Calluna, Poaceae, Rumex and Plantago - results from
all 13 scenarios are depicted in Figure 5.7. Calluna cover ranged from 5.4 to 25.6%,
Poaceae from 38.1 to 52.1%, Herbs from 1.7 to 3.5%, Rumex from 0.1 to 0.3%, and
Plantago from 0.6 to 1.2%. In the case of Calluna, the highest proportions were attained
in scenarios 10 and 12 - six small sites with Ericaceae, or Ericaceae and Alnus, excluded
from the analysis. The lowest values resulted from scenarios 1 and 5, which used pollen
data from the three large sites and did not exclude Ericaceae. Overall, higher values for
Calluna were obtained where pollen records from the six smaller sites were included, and
where Ericaceae was excluded from the model run. Percentage cover values for Poaceae
were highest for scenarios 2 and 4 - three large sites and Ericaceae excluded, and were
lowest for scenarios 1, 3, 5, 7 and 9, i.e., those scenarios where Ericaceae was included.
For scenarios 10-13 - six small sites - there is less variation, and the lack of Ericaceae
does not appear to significantly affect grassland cover estimates. The lowest estimates
for Poaceae are obtained when Alnus is excluded. Overall, the sites included in the
analysis do not appear to cause significant variation in the model outputs, while the
presence of Ericaceae does lead to a decrease in Poaceae cover. Herbs display a pattern
similar to that of Poaceae, in that cover estimates for scenarios 1-9 are highest for those
scenarios that do not include Ericaceae records, and there is less variation among
scenarios 10-13 (six small sites) compared to the other scenario groupings (1-5: three
large sites, 6-9: all nine sites). For both Rumex and Plantago, roughly equal estimates
were obtained for scenarios 1, 3 and 5, which produced the lowest values, whereas the
highest estimates were for scenarios 10 and 12, closely followed by scenarios 2, 4, 6 and 8.
Overall, the use of records from the three large sites yielded the lowest estimates, and
within this scenario groups 1-5 and 6-9 ex-Ericaceae led to higher estimates. For
scenarios 10-13 using data from the six small sites, the outputs are similar, although the
exclusion of Alnus led to slightly lower values.
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Land-cover map vs. REVEALS comparison: present-day

The REVEALS outputs for each of the 13 scenarios were compared with the map-based
estimates for both the broad land-cover classes, and the individual taxa, based on a
visual assessment. When comparing the mapped land-cover detailed in Figure 5.2 with
the model outputs in Figure 5.5, it appears that REVEALS scenarios 2, i.e., three large
sites and 15 taxa (Ericaceae excluded), and 4, i.e., three large sites and 14 taxa
(Ericaceae and Alnus excluded) provide the most accurate estimates for each of the four
broad land-cover classes within the 50x50 km region for the modern time window. This
remains the case when comparing the model outputs with the land-cover estimates from
both the composite map and the LCM2000. REVEALS scenario 2 values, for example,
are 27.7, 6.5, 9.3 and 56.6% for broadleaves, conifers, heathland and grassland
respectively, while from the 50x50 km composite map these values are 25.8, 8.1, 10.4 and
55.4%.
The match between the REVEALS estimates for individual tree taxa and the NIWT
values is less straightforward. From Figure 5.6, REVEALS estimates for all scenarios for
Fagus, Tilia, Ulmus and Pinus are approximately twice NIWT estimates or greater for
the 100x100 km region (and also for the 50x50 km region in the case of Fagus, Tilia and
Ulmus), and all model outputs for Corylus greatly exceed the map-based values. For
Fagus, Tilia and Ulmus, the closest match is between REVEALS scenarios 1, 3 and 5
and the NIWT values for both regions, and for Pinus, between the same scenario outputs
and the 100x100 km survey estimates. Conversely, for Alnus, the NIWT values were
higher than the REVEALS outputs for the most closely matching scenarios - 1 and 3. In
the case of Betula and Salix, scenarios 1, 3 and 5 provide a reasonably close fit to the
100x100 km NIWT data, for Fraxinus scenarios 2 and 4 match most closely to the NIWT
data for both regions, while for Quercus scenarios 2 and 4 are a close match to the
NIWT 100x100 km data and scenarios 5 and 9 to the 50x50 km data. Overall, no clear
patterns are discernable as the fit between the model outputs and the survey data varies
from taxon to taxon. Those scenarios that exclude Ericaceae (i.e., scenarios 2, 4, 6, 8, 10
and 12) yielded higher percentage cover estimates for all taxa than those that included
Ericaceae in the analysis, frequently resulting in an overestimate with respect to the
survey data.
For the non-tree taxa depicted in Figure 5.7, REVEALS estimates are compared with
NVC-based vegetation cover. In the case of Calluna and Poaceae, the closest fit is
between the NVC values and REVEALS outputs from scenarios 2 and 4 for the 50x50
km region, and also for the 100x100 km region in the case of Poaceae. In the case of
Plantago, the NVC estimates for both regions are reasonably close to the REVEALS
outputs for scenarios 2, 4, 6, 8, 10, 11 and 12, with the results for scenario 12 (1.2%)
matching most closely with the 50x50 km estimate of 1.7%. For Herbs, the REVEALS
estimates are between approximately four and eight times lower than the NVC estimates,
and for Rumex the model outputs are between six and thirteen times lower than the
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NVC values.
As scenario 2 provides the closest fit to the map-based estimates for the broad land-cover
types and several of the non-tree taxa, it is used to estimate vegetation composition for
the 27 time windows covering the entire period of record (BC8800-AD2002). Scenario 2
results for the broad land-cover classes, as well as the 15 individual taxa, are presented in
Figures 5.8, 5.9 and 5.10. Each of these figures also depicts the corresponding %TLP
values on the left-hand side of the graph.

5.3.4

Land-cover change BC8800-AD2002

Figure 5.8 shows that, from the REVEALS scenario 2 outputs, a 1500-year hiatus exists
in the pollen record from BC1200 to AD300, thus there are no data regarding land-cover
for this time period. This may be due to a change in climate conditions and the
subsequent drying out of the peat, leading to no new peat formation until conditions
became wetter. A hiatus in the peat core may also be due to past peat cutting and the
removal of a section of the peat profile. With regard to the Cranes Moor site (one of the
three large sites used in the scenario 2 model run), the hiatus is the result of peat
extraction (Barber and Clarke, 1987; Clarke, 1988; Grant, 2005).
The cover of broadleaved woodland fluctuated between 64.9% and 85.6% between
BC8800 and BC300, remaining constant at approximately 73% from BC8800-BC6800,
declining to 64.9% during the BC6800-BC6300 time window, before rising again to 77%.
Between BC4800 and BC3800, the cover of this woodland type declined again to
69.7-72%, and from BC3800 to BC300 varied between 74.9 and 85.6%. An overall decline
in broadleaved woodland cover was observed from AD1200 to the c. present day where,
with the exception of a peak of 64% during the AD1777-AD1852 time window, woodland
cover fell from 56.4 to the lowest value of the entire period of record: 27.7%. Coniferous
woodland, represented by Pinus sylvestris, reached its highest coverage of 11.4% during
the BC8800-BC8300 time window, from which it gradually declined to <1% coverage at
BC6300-BC5800, before disappearing from the record completely between BC3800 and
BC2800. Cover estimates did not exceed 1% again until the AD1927-AD1952 time
window, and then increased to 6.5% in the most recent time period. Heathland,
represented by Calluna, fluctuated over the BC8800-BC3300 period, reaching a high of
21% at BC6800-BC6300, and a low of 10.8% at BC4300-BC3800. Between this point and
the hiatus, there was a period of low heathland cover ranging between 3.1 and 0.8%. By
the AD1702-AD1200 time window, cover increased significantly to 24.7% but then
declined steadily to 9.3% in the most recent time window. For grassland
(Poaceae+Herbs+Rumex+Plantago), cover estimates vary between 10.9 and 25.7% prior
to the hiatus, and remain constant at an average of 19.3% between AD1200 and AD1852.
After 1852, grassland cover increased quite rapidly to a high of approx. 56.6% in the
final two time windows. Overall, the last 300 years have seen a general decline in
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forested land through time, and a transition towards a more open landscape due largely
to an expansion in grassland taxa.
Comparison of the REVEALS outputs with the corresponding % TLPs shows that for
broadleaved woodland, %TLP estimates were between 9 and 70.9% higher than the
REVEALS outputs, and the difference between the two estimates was particularly high
from AD1200. For coniferous woodland, the differences were even more marked, with
%TLP estimates between 165.1 and 506.8% higher than the REVEALS outputs.
Conversely, the model results for the open land-cover types, i.e., heathland and
grassland, tended to be lower than the %TLP values. %TLP values for heathland were
between 58.4 and 87% lower than the REVEALS estimates, while those for grassland
were 40.8 to 79% lower than the REVEALS estimates. Overall, there is a general
tendency for pollen percentages to overestimate the area of wooded land and
underestimate the area of open land when compared to the REVEALS outputs.
At the individual taxon level (see Figures 5.9 and 5.10), the REVEALS outputs depict
some notable trends. Fagus was present either not at all or at very low levels of <1%
until the AD1852-AD1927 window, after which its cover increased rapidly to 9.2% at
AD1977-AD2002. Quercus cover rose from 5.2% in the BC8800-8300 time window to
14.4% at BC4800-AD4300, before declining to 8.4% immediately before the hiatus, with
a peak of approximately 14% between BC2300 and BC1300. After the hiatus, its cover
declined gradually from 10.2 to 4.6% in the present day. Fraxinus experienced a
pre-hiatus peak of approximately 3%, before declining to between 0.5 and 1.3% during
the BC3800-BC300 period. Following the hiatus, it decreased from approx. 1.3% to less
than 1% before rising again to 2.8% at AD1777-AD2002. Taxa with lower rates of cover
including Alnus, Betula and Salix, had relatively low cover between BC8800 and BC3800,
before reaching their peak cover between BC3300 and BC300 and then declining again
after the hiatus. A similar pattern is evident for Tilia, although it began to expand at an
earlier time point - BC5800-BC5300 - and following the hiatus maintained relatively high
levels of cover. The pattern for Ulmus shows evidence of the Elm decline, where cover
fell abruptly from 11.5% at BC3800-BC4300 to 2.2% at BC3300-BC3800, with a certain
degree of recovery following the hiatus to a peak of 7.9%, and a subsequent decline to the
present-day cover of less than 0.5%. Finally, Corylus shows a pattern very different from
those of the other taxa, as this taxon reached its greatest expanse at the beginning of the
pollen record at 58.6%, and then underwent a more or less continuous and gradual
decline to its present day cover of 5.4%.
The trends for Pinus sylvestris and Calluna have already been described, as these taxa
are the sole representatives of the coniferous woodland and heathland land-cover
categories, respectively. Poaceae experienced relatively small fluctuations from the
beginning of the record to the hiatus, with cover of between 10.5 and 23.6%. From
AD1200 to AD1852, its cover remained constant at an average of 17.7%, before
increasing rapidly to reach its present day maximum coverage of 51.9%. Herbs cover did
not exceed 1% until the BC3300-BC3800 time window, after which it varied between a

85

Chapter 5 : REVEALS: Reconstructing Past Land-cover in the New Forest

% cover
AD1977-AD2002
AD1952-AD1977
AD1927-AD1952
AD1852-AD1927
AD1777-AD1852
AD1702-AD1777
AD1200-AD1702
AD700-AD1200
AD200-AD700
BC300-AD200
BC800-BC300
BC1300-BC800
BC1800-BC1300
BC2300-BC1800
BC2800-BC2300
BC3300-BC2800
BC3800-BC3300
BC4300-BC3800
BC4800-BC4300
BC5300-BC4800
BC5800-BC5300
BC6300-BC5800
BC6800-BC6300
BC7300-BC6800
BC7800-BC7300
BC8300-BC7800
BC8800-BC8300

80

60

40

20

Broadleaved woodland
Coniferous woodland

% TLP

0

20

40

60

Grassland
Heathland

80

100

3
3
3
3
1
1
1
0
0
0
1
1
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1

CRM
CRM
CRM

RBB
RBB
HGB/RBB
HGB/RBB
RBB
RBB
RBB
CRM
CRM
CRM
CRM
CRM
CRM
CRM
CRM
CRM
CRM

REVEALS

Figure 5.8: REVEALS output and % TLP values from scenario 2. The right-hand
side of the chart depicts the REVEALS results for the four broad land-cover categories:
broadleaved woodland, coniferous woodland, heathland and grassland for 27 time windows from BC8800-AD2002; the left-hand side shows the corresponding percentage TLP
(% TLP) values. The number of sites for which pollen counts were available for each
time window is detailed on the right; where pollen records derive from fewer than three
sites, these are detailed as follows: CRM (Cranes Moor), HGB (Hive Garn Bottom),
RBB (Rakes Brakes Bottom).

No. of sites

Time window

m 75- m 25m 500
e ye
e
e -y
w a
w ea w yea
in r
in r
in r
do
do
do
w
w
w

100

86

Time window

30
AD1977-AD2002
AD1952-AD1977
AD1927-AD1952
AD1852-AD1927
AD1777-AD1852
AD1702-AD1777
AD1200-AD1702
AD700-AD1200
AD200-AD700
BC300-AD200
BC800-BC300
BC1300-BC800
BC1800-BC1300
BC2300-BC1800
BC2800-BC2300
BC3300-BC2800
BC3800-BC3300
BC4300-BC3800
BC4800-BC4300
BC5300-BC4800
BC5800-BC5300
BC6300-BC5800
BC6800-BC6300
BC7300-BC6800
BC7800-BC7300
BC8300-BC7800
BC8800-BC8300

40

20

0

20

40

60 25 20 15 10 5

0

5 10 15 20 25 80

60

40 20

0

20

40

60

80 15

10

5

0

5

10

15 4

3

2

1

0

1

2

3

4

CRM/HGB/RBB
CRM

Alnus

Betula

Corylus

Fagus

Fraxinus
RBB
HGB/RBB
RBB

CRM

% TLP
20

10

REVEALS
0

10

20

30 20

15

10

5

0

5

10

15

20 15

10

5

0

5

10

15 15

10

5

0

5

10

15

CRM/HGB/RBB
CRM

Quercus

Salix

Tilia

Ulmus
RBB
HGB/RBB
RBB

CRM
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Figure 5.10: REVEALS output (with standard errors) and % TLP values from scenario 2. The right-hand side of the chart depicts the REVEALS
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indicate changes in the sites from which the pollen data for particular time windows are derived - the names of the sites are indicated on the right as
follows: CRM (Cranes Moor), HGB (Hive Garn Bottom), RBB (Rakes Brakes Bottom).
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high of 1.8 and a low of 0.7% until it declined to approx. 0.2% between AD1200 and
AD1777. Following this, it increased to 3.4% in the most recent time window.
Post-AD1200, Rumex and Plantago follow broadly the same patterns, fluctuating over
time with peaks in cover during the AD1777-AD1702 time window and from AD1927 to
AD1977. At the beginning of the record, Rumex cover fluctuated between 0.04 and 0.1%,
before periodically disappearing from the record until its permanent reappearance from
AD1200, after which its cover remained relatively high at between 0.1 and 0.4%, with
peaks during the AD1702-AD1777 and AD1952-1977 time windows. In the case of
Plantago, this expanded gradually from 0.07% at the beginning of the record to 1% cover
at BC3300-BC3800, after which it fluctuated between 0.6 and 1.1% until the hiatus.
Several of the trends observed in the scenario 2 outputs are likely to be partially due to
the sites from which the pollen derived, particularly for earlier time windows for which
pollen samples from only one site are available - see Figures 5.8 - 5.10. For example, a
significant increase in Alnus, Betula and Salix along with sharp decreases in Fraxinus and
Ulmus occur from the BC4300-3800 to the BC3800-3300 time windows, which could
indicate actual shifts in species composition. However, these shifts also coincide with a
change in the site from which the pollen originated, from Cranes Moor (CRM) to Rakes
Brakes Bottom (RBB). Therefore, the apparent shift in species composition may not
necessarily reflect a regional change in vegetation patterns, but rather local conditions as
the model outputs shift from one site to another. In the discussion of the results in
Chapter 9, the possibility that apparent changes in the pollen record may be due to a
change in the site(s) from which the pollen data originate rather than actual changes in
vegetation composition is considered.

5.4

Main findings and conclusions

Of the thirteen different scenarios run, those that used pollen records from the three
large sites and excluded Ericaceae from the analysis, provided the most accurate
estimates of percentage cover for the broad land-cover types, when compared to both the
composite map and LCM2000 map. For the individual taxa, the correspondence between
the model outputs and the vegetation cover estimates derived from the NIWT survey
data was not always as close, and varied depending on the taxon. In the case of several
tree taxa - Corylus, Fagus, Tilia, Ulmus and Pinus - REVEALS estimates were
significantly higher than the map/survey-derived estimates, whilst the opposite was true
for Alnus. While there was good agreement between REVEALS scenario 2 and 4 outputs
and the NIWT data for Fraxinus and Quercus, for the remaining taxa, scenarios 1, 3 and
5 provided the best fit. In general, those scenarios which exclude Ericaceae yielded
higher percentage cover estimates for all taxa, frequently resulting in an overestimate
with respect to the survey data. For non-tree taxa, REVEALS outputs for scenarios 2
and 4 provided a close fit to NVC-based cover estimates for Calluna, Poaceae and
Rumex, although in the case of Herbs and Plantago, the REVEALS estimates were

Chapter 5 : REVEALS: Reconstructing Past Land-cover in the New Forest

89

significantly lower than the NVC estimates.
The REVEALS outputs for scenario 2 show that the New Forest landscape underwent a
gradual reduction in wooded cover and an opening up of the landscape over time, with
an overall decline in broadleaved woodland from a maximum of 85.6% during the
BC1300-BC800 time window to the present-day minimum of 27.7%. Coniferous
woodland (Pinus sylvestris) is present at the beginning and end of the record, with an
absence of cover from approximately BC5800 to AD1852, when it was reintroduced for
timber production in the enclosed plantation woodlands. The fluctuations in woodland
cover are mirrored by increases and decreases in the area of open land, particularly over
the last 800 years where first heathland (from AD1200 to AD1777), and later grassland
(from AD1852 to the present day), expanded. Amongst the trees, the two principal taxa
of the ancient woodlands, Fagus and Quercus, underwent significant changes, with the
former remaining at very low levels of less than 1% until the AD1927-AD1952 time
window, after which time it expanded relatively rapidly, and the latter, which has seen a
gradual decline since AD1200 to reach its lowest level of cover during the
AD1952-AD1977 window, with a slight increase over the last four decades. Amongst the
non-tree taxa, both anthropogenic disturbance/grazing indicators, Rumex and Plantago,
show an increase since AD1200 when compared with the period prior to the hiatus in the
pollen record.

5.5

Methodological issues

Study issues and limitations relate principally to the characteristics of the study site
(presence of onsite pollen-producing plants; small study sites), specific aspects of the
methodology employed (lack of sensitivity analysis; large time windows; pollen
identification), and mismatches between the map and survey-based estimates of
vegetation cover and the REVEALS outputs.
1) Study site-related issues:
Limitations related to the study sites derive primarily from the presence of certain taxa
on the bog surface, and the relatively small size of the sites themselves. Many peat bogs
have pollen-producing plants growing on the bog surface that can interfere with the
pollen rain under investigation, as REVEALS assumes that there are no plants growing
on the surface of the formations from which the pollen records were derived. Faegri et al.
(2005) highlight the significance of pollen-producing plants on the bog surface in terms of
the interference they can cause, particularly in efforts to identify the regional pollen
signal. This can be a problem with large bogs in particular, where on-site vegetation
may comprise a significant proportion of the pollen sum. In relation to the location of
certain tree taxa with respect to the study sites, high proportions of Alnus in the model
outputs when compared with the map and survey-based estimates, may be partially
explained by its presence on and in close proximity to the REVEALS sites. Salix may
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also be over-represented due to its presence on and near the bog sites, or
under-represented as it is insect pollinated, although the seeds are wind dispersed. For
several of the REVEALS scenarios, the model outputs for Alnus and Salix are higher
than the map and survey-based estimates, particularly for those scenarios where pollen
records from small sites are used. This indicates that the close proximity of these taxa to
the bog may result in a slight overestimation of their cover using REVEALS, which is
not fully compensated for by the PPEs.
This problem can be overcome to a certain extent by identifying those plants present on
the bog and removing them from calculations. A description of the six mire vegetation
communities present at the study sites is provided in Appendix B, Section B.3. Of the
taxa found in each of these communities, those used as input taxa for REVEALS are
Alnus, Betula pubescens, Salix cinerea and Erica tetralix. With regard to
pollen-producing plants growing on the bog surface, given the descriptions of onsite
vegetation in Grant (2005), E. tetralix would appear to be the one REVEALS taxon that
is most frequently found on bog surfaces in the New Forest. The presence of E. tetralix
on the bog surface is a possible explanation for the overestimation by REVEALS of
heathland based on Calluna and Ericaceae, and a reason for the exclusion of the
Ericaceae taxon from the analysis. Both Ericaceae and Calluna can be representative of
heathland and mire area combined, and the heathland category should be interpreted as
an indication of the amount of heath or bog at the regional level (Fyfe et al., 2013).
Poaceae, although categorised as grassland, is also found in varying quantities on the bog
surface. The presence of these plants may lead to their over-representation in the model
outputs. In this analysis, from Figure 5.7, the map and inventory-derived estimates of
Calluna cover match well with the REVEALS outputs for scenarios 1-5, and are
generally slightly higher for the remaining scenarios (i.e., those scenarios that used pollen
records from the six small sites). This indicates that the REVEALS Calluna result is not
an overestimate. Similarly, for Poaceae, the map and inventory-derived values are in
general higher than the REVEALS outputs, again indicating that Poaceae is not
over-represented in the REVEALS outputs.
For the REVEALS model, a large site is defined as a site greater than 100-500 ha in size.
However, in the present study the three large sites range in size from approximately 5 to
32 ha. The smaller size of these sites may mean that the pollen signal derived from them
is significantly influenced by local vegetation composition. This is likely to be a
particular issue where the REVEALS estimates are based on pollen records from a single
site, e.g. in the case of multiple pre-AD1852 scenario 2 time windows. In the New Forest,
no pollen data were available from non-peat bog sites, or from larger sites. Therefore,
within the present study, this issue can be addressed by acknowledging, in the discussion
of the model outputs, the likelihood that the reconstruction for certain time windows is
reflective of a local rather than a regional signal. In future work, the impact of using
pollen records from a single or a small number of sites could be examined in greater
detail, by comparing the REVEALS outputs across all scenarios at the taxon level, to
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identify similarities and differences in the signals, and thus potentially determine
whether the modelled vegetation composition represents a local or regional signal.
2) Methodology-related issues:
The REVEALS modelling could be improved by carrying out a sensitivity analysis,
particularly to examine the effects of using different sets of PPE values on the vegetation
cover estimates. Hellman et al. (2008b), in their validation of REVEALS in southern
Sweden, assumed that those PPEs which produced REVEALS results that most closely
matched empirical vegetation data were the most appropriate. For some taxa, Danish PPEs
provided the most accurate REVEALS estimates, whereas values from southern Sweden
were most appropriate for other taxa. Overall, Swedish PPEs were the most reliable for all
taxa with the exception of Calluna, Cerealia, Plantago and Rumex - for these taxa Danish
PPEs yielded the most accurate reconstructions. These same authors, and Soepboer et al.
(2010), recommend the testing of various sets of PPEs in each application of REVEALS.
Future work could include such testing, and the comparison of the REVEALS outputs
produced using different sets of PPEs to actual vegetation cover.
In the present study, each time window represents a period of at least 25 years, and
consequently reflects a mixture of communities and/or successional stages (Odgaard,
1999). The patterns in vegetation composition described by the REVEALS outputs thus
potentially reflect the impact of numerous drivers of change over an extended period of
time. For the 500-year time windows in the more distant past, this is particularly
significant, as many changes may have occurred over this length of time, e.g. woodland
clearance and subsequent regeneration. This may explain the apparent failure of the
pollen record to register the large-scale woodland clearance that is reported elsewhere
(e.g. Tubbs (2001)) to have occurred during the mid-late Bronze Age. Given this, care
must be taken in, firstly, describing land-cover patterns through time as changes at a
finer temporal resolution are not observable and secondly, in attributing the observed
changes to particular anthropogenic and non-anthropogenic driving forces.
A further limitation could derive from the size of the time windows used, particularly for
the recent past, and the calibrated date ranges obtained from radiocarbon dating. If the
date range for a particular sample is significantly larger than the time window in which
it is assumed to reside for the REVEALS analysis, then there is the possibility that the
sample does not, in fact, date from this time window. However, for the smaller, more
recent REVEALS time windows of 25 and 75 years, it is unlikely that this is the case, as
the radiocarbon date ranges towards the top of the peat cores tend to be smaller, e.g. for
Church Moor, the most recent radiocarbon date range obtained is 194-139 cal yr BP,
equating to approx. AD1808-1863. The REVEALS time window that most closely
corresponds to this time period is the AD1777-1852 window. As this time window almost
completely covers the radiocarbon date range, there is unlikely to be such a mismatch.
For more distant time periods, although the radiocarbon date ranges are larger, the
REVEALS time windows are also larger, generally leading to a similar overlap.

92

Chapter 5 : REVEALS: Reconstructing Past Land-cover in the New Forest

The very high proportions of Corylus estimated by REVEALS may be due in part to the
inability at some of the sites to differentiate between Myrica gale (bog myrtle), a species
typically found on acidic peat bogs, and Corylus pollen, thus leading to a likely
overabundance of Corylus-type pollen derived from the mire surface (M.J. Grant, pers.
comm). It should be noted, that for the three large sites used in scenario 2 (Cranes
Moor, Hive Garn Bottom and Rakes Brakes Bottom), Corylus and Myrica were
separated. Certain taxa, e.g. Andromeda polifolia, may not have actually occurred in the
New Forest, given their current distributions. In the British Isles, Andromeda polifolia is
currently found predominantly in central Ireland, northwest England and southwest
Scotland, and is virtually absent from southern and central England (Jacquemart, 1998).
Although this species has been included in the REVEALS analysis, from the pollen
sequences for the nine New Forest sites, it is either completely absent, or is present in
very low amounts (1-4 grains throughout the entire peat core), indicating that this
species was not present or was present at very low abundances in the New Forest during
the Holocene.
3) Mismatch between the REVEALS outputs and mapped vegetation cover:
A poor fit between the REVEALS estimates and the actual vegetation for the modern
day may be due to a number of factors. One source of error could be the mismatches
between the temporal scale of the modern time window, and that of the mapped
vegetation cover. In the present study, this may be particularly relevant, given that the
various datasets used to compile the composite vegetation cover map themselves date
from different years over the c. 2000-2010 period, while the REVEALS modern time
window covers the 1978-2002 period. However, the 25-year time window is relatively
short, and it is known from other sources of evidence that land-cover in the Forest has
remained relatively unchanged over this time. Therefore, the composite land-cover map
and the LCM2000 should represent appropriate forms of comparison for the modern-day
REVEALS outputs.
The empirical vegetation data itself may be another issue, as those estimates based
directly upon inventory data, i.e., tree species, or derived indirectly using mean
vegetation abundance estimates for taxa dominant in well-defined vegetation units, i.e.,
Ericaceae, Calluna and Poaceae, are likely to be much more accurate than those derived
indirectly from small-scale vegetation surveys. The latter includes those taxa which are
found in several open landscape habitat/broad vegetation types, i.e., Herbs, Rumex and
Plantago (Hellman et al., 2008a). Figure 5.7 shows that the match between the
REVEALS outputs for all scenarios and the map and survey-based estimates for these
taxa is generally poor. This is likely to be due largely to the difficulty in calculating
NVC-based cover estimates for these taxa. Although tree cover estimates based directly
upon the NIWT data generally proved a good match to the REVEALS outputs, for
certain non-dominant and understorey taxa, e.g. Betula and Corylus, the REVEALS
outputs were considerably higher than the NIWT values. High REVEALS estimates for
Betula may derive from the fact that it is often co-dominant around the woodland edge
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with Ilex aquifolium, which may account for its over-abundance in the REVEALS
models, whilst the low NIWT estimates are likely due to the fact that such woodland
stands would not be classified as Betula woodland. In the case of Corylus, the high
proportions observed in the pollen record are likely to be partially due to the high
abundance of hazel in many areas just outside the boundaries of the Park, although this
taxon is no longer abundant within the Forest. As the three large sites used in
REVEALS scenario 2 are located towards the western side of the Forest, the frequent
presence of Corylus in the southwest of England may have inflated the signal for this
taxon. From the ‘Woodland NVC types’ distribution maps, it can be seen that many of
the woodland types in which Corylus is found are present in the region.

Chapter 6

From Past to Present: Historic
Trends in the New Forest
6.1

Introduction

In the case of the New Forest, a wealth of information is available regarding its
landscape history, providing direct information on the flows of certain ecosystem services,
drivers of system change and land-use and land-cover patterns. Time series datasets for
the AD1700-present day period reconstructed from a number of sources including census
records, Parliamentary reports, Verderers’ records (Verderers are partly responsible for
regulating commoning and certain forms of development in the New Forest),
instrumental climate records, timber surveys etc., yield significant quantities of data
regarding past human activities and environmental conditions in the Forest. Additional
information from previous publications is used as necessary, to supplement the data
gathered. These multi-decadal and multi-centennial records are particularly important
for the examination of woodland dynamics, as woodland succession takes place over
centuries, and so pressures exerted on the woodland at a particular point in time may
not become apparent until much later (Bugmann and Weisberg, 2003). These records,
together with the results of Chapters 4 and 5, allow us to create a historical narrative for
the system since it was first called ‘Nova foresta’ in the late 11th century, and to make
inferences regarding drivers of the land-cover change observed in the pollen and
cartographic records.
The specific research questions to be addressed in this chapter are:
RQ3. Are there evident trends in societal and environmental drivers and ecosystem
responses in the SES over time?
• Which factors, both societal and environmental, have driven change in the New
Forest ecosystem, as well as in the flows of the goods and services it provides?
95
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• How can these factors best be represented using long-term datasets?
• Are there evident trends in societal and environmental drivers and ecosystem
responses?

6.2
6.2.1

Methodology
Historical data collection

The collection and organisation of long-term historical records of ecosystem services and
driver trends for the New Forest began in February 2012. By August 2012 an extensive
data search had been conducted, and the majority of records and information available
had been gathered and compiled. The sources and resources searched for relevant data
are detailed in Appendix C, Section C.1. A database detailing all available data and
their associated data sources was created using Microsoft Excel, within which all
information was categorised according to ecosystem service/driver. A subset of these
data has been employed in this chapter to examine ecosystem change in the New Forest
over the last 300 years (approx.) - these are detailed in Table 6.1.
Where multiple datasets were available for a single variable, e.g. temperature, those
datasets with the longest period of record and a spatial extent most closely matching the
present-day NFNP boundary were utilised. In the case of climate records, the original
data were daily or monthly means, from which seasonal (winter = Dec, Jan, Feb; spring
= Mar, Apr, May; summer = Jun, Jul, Aug; autumn = Sep, Oct, Nov) and annual
means were calculated as necessary. Missing values were present in a number of the data
series as detailed in Appendix C, Table C.2. The original raw values for some of these
series with missing values highlighted are given in Appendix C, Figure C.1. Where
possible, missing value estimation was carried out by means of linear regression with a
well-correlated series. The time series with missing values estimated were then used in
subsequent analyses.

Original dataset

Period of record

Source

Southampton weather station

Jan 1855-Dec 2014

Met Office (2012) (Met Office historic station data)

HadCET Central England

Jan 1878-Dec 2014

Parker et al. (1992) (Met Office Hadley Centre)

Temperature, monthly min, max

(min and max), Jan

and mean temp.

1659-Dec 2014 (mean)

HadSST3 Monthly mean sea

Jan 1850-Dec 2014

Kennedy et al. (2011a,b) (Met Office Hadley Centre)

Jan 1855-Dec 2014

Met Office (2012) (Met Office historic station data)

Jan 1766-Dec 2014

Alexander and Jones (2001) (Met Office EWP)

Oct 1960-Dec 2014

Centre for Ecology and Hydrology (CEH), National River Flow Archive

monthly min, max, mean temp.

surface temp.
52.5N 2.5W

anomalies1

5◦ x5◦

for the

grid square

Southampton weather station total
monthly precipitation
England and Wales Precipitation
Series, total monthly precipitation
Gauged mean daily/monthly river
flow2 ,

Lymington River at

Brockenhurst

(NRFA)3
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Table 6.1: Details of the time series datasets covering the 1659-2014 period

Period of record

Source

No. of large grazing herbivores/

1670-2014

large herbivore feeding unit density

(non-continuous)

Commoners’ animals: 1792 - Stagg (1983); 1848 - Duncan (1848); 1878 - Court of
Verderers’ census (cited in Tubbs (2001)); 1884-1955 - Stagg (1986); 1917 pony
figure - Court of Verderers’ census; 1939-1946 donkey figures - Baker (1947);
1956-2014 - Verderers of the New Forest (2014); Deer4 : 1669-1788 - ‘From Dawn ‘til
Dusk: A History of Deer in the New Forest’; 1789 - Commissioners of His Majesty’s
Woods, Forests and Land Revenues (1789); 1839-1848 - Select Committee of the
Crown (1848); 1947 - Baker (1947); 1960-2014 - Forestry Commission5 ; feeding unit
density (no. feeding units ha-1 )6 1787-1982 derived from Tubbs (2001), 1983-2014
estimated by author - see Section 6.2.2

Population

1801-2010

1801-1931 - Histpop (2013), 1951-2010 - Office for National Statistics (2015)

Timber production

1571-2012

1571-1673 - Flower (1977); 1700-1840 - ‘From Dawn ‘til Dusk’; 1914-1945 -

(non-continuous)

Baker (1947); 2001-2012 - Forestry Commission

1850-1970

Rose and Appleby (2005)

Spheroidal carbonaceous particles
(SCPs)
1

2
3
4
5

6

SST anomalies were calculated relative to the 1961-1990 long-term average (LTA). The 1961-1990 period is the international standard 30-year reference period for
climate averages used by the World Meteorological Organisation (Met Office, 2013). The LTA of 30 years is sufficiently long to eliminate year-to-year variations and
anomalies, but sufficiently short to show longer climatic trends (World Meteorological Organization, 2015);
The Gauged Daily Flow is the mean river flow in cubic metres per second (m3 s-1 or ‘cumecs’) in a water-day, (09.00 to 09.00 G.M.T.);
Data originally from the Environment Agency (EA);
Deer numbers include fallow, red, sika, muntjac and roe deer;
Since the year 2000, a correction factor to the visual census has been applied to give a more accurate figure of the population, as any visual census will be an
underestimate. This was derived by calculating the difference between the previous year’s census, plus recruitment minus the subsequent cull and the following year’s
census. It should be assumed that census figures prior to 2000 are significant underestimates of what the true population probably was (Andy Page, FC, pers. comm.);
The feeding unit density dataset does not accommodate supplementary feeding of deer prior to 1851, the exclusion of stock during fence month and winter heyning
before 1877, or the reduction in the area of Open Forest where large herbivores could roam following the 1964 fencing of the perambulation; it includes only fallow deer.
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Missing value interpolation

In order to extend the period of record for mean monthly temperature data from the
Southampton weather station (Jan 1855-Mar 2000), a series of linear regressions were
carried out with the Hadley Centre Central England Temperature (HadCET) mean
monthly temperature dataset (Jan 1659-Nov 2014) (Parker et al., 1992), the longest
instrumental temperature record in the world. Linear regressions were carried out for
each month separately and the dataset as a whole for the period common to both time
series (Jan 1855-Mar 2000), using the lm function (stats package) in R version 3.0.1 (R
Core Team, 2013). The resulting monthly regression equations were then used to
calculate values for those periods not covered by the original Southampton series, to
create a new ‘local’ series from Jan 1669-Nov 2014. From this point on, this time series
will be referred to as ‘mean monthly temperature’. Extension of the total monthly
precipitation record was achieved using a similar approach, where a linear regression was
carried out between the Southampton record (Feb 1855-Mar 2000) and the England and
Wales Precipitation Series (1766-2014) (Alexander and Jones, 2001), which represents
the longest instrumental record of this kind in the world. A series of linear regressions
were carried out for each month separately for the period common to both time series
(Feb 1855-Mar 2000), using the lm function in R. The resulting monthly regression
equations were then used to calculate values for those periods not covered by the original
Southampton series, to create a new local series from Jan 1766-Nov 2014, which will
hereafter be referred to as ‘total monthly precipitation’. The regression equations are
included in Appendix C.
From Tubbs (2001) a feeding unit density time series has been extracted, which
represents the density of large grazing and browsing herbivores on the Open Forest. This
is expressed in feeding units per hectare of Open Forest (FU ha-1 ) where 1 FU = 1 pony
= 2 cows = 3 deer, and represents both grazing and browsing pressure. This system
reflects, at least to a certain degree, the area of land available to ponies, cattle and deer
through time, as well as the feeding and habitat preferences, size, and feeding strategy of
these animals. This dataset was available from Tubbs (2001) only for the 1787-1982
period. From 1982 to 2014, missing values were estimated by the author by applying the
mean ratio (excluding the highest and lowest values) for total number of feeding
units:feeding units ha-1 for the years 1960-1982 to the total number of feeding units for
the years 1983-2014 - this works on the assumption that the total area of Open Forest in
the years 1983-2014 is the same as that for the year 1982.

6.2.3

Calculation of anomalies and indices

The Standardised Precipitation Evapotranspiration Index (SPEI) and the Streamflow
Drought Index/Streamflow Deficiency Index were calculated as further measures of
meteorological and hydrological drought.

100

Chapter 6 : From Past to Present: Historic Trends in the New Forest

The Standardised Precipitation Evapotranspiration Index: The Standardised
Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010) is closely
related to the Standardised Precipitation Index (SPI) - a commonly employed
multiscalar drought monitoring index developed by McKee et al. (1993) to quantify
precipitation deficits on multiple time scales. Calculation of the SPI involves
transforming the monthly total precipitation time series for the period of interest into a
standardised normal distribution (Lloyd-Hughes and Saunders, 2002). The SPEI is also
used to identify and quantify site-specific deviations from the average water balance, i.e.,
precipitation minus potential evapotranspiration (Vicente-Serrano et al., 2013).
The SPEI has previously been used to reconstruct droughts and examine drought trends
and variability (Hernandez and Uddameri, 2014; Potop et al., 2014; Spinoni et al., 2015;
Wang et al., 2015), and to investigate the use of SPEI to monitor drought impacts on
agricultural, ecological and hydrological systems (Vicente-Serrano et al., 2012; Blauhut
et al., 2015), as well as drought impacts on ecological systems, specifically woodland
systems and tree growth (Pasho et al., 2011; Barbeta et al., 2013; Cavin et al., 2013;
Lévesque et al., 2013; Martin-Benito et al., 2013; Vicente-Serrano et al., 2013, 2014).
Unlike the SPI, as it is based on both precipitation and evapotranspiration data, it
incorporates the role of temperature-induced drought stress in the definition and
monitoring of drought events, and is well-suited to detecting and examining the
consequences of global warming on drought conditions (Vicente-Serrano et al., 2010).
This index is easy to calculate and has low data requirements, as its sole inputs are
monthly mean temperature, total monthly precipitation and latitude. This index uses
the monthly difference between precipitation and potential evapotranspiration (PET).
PET is calculated using the Thornthwaite method (Thornthwaite, 1948), which is the
simplest method for calculating PET (Vicente-Serrano et al., 2010). Potential
evapotranspiration and the SPEI were calculated using the SPEI package (Beguería and
Vicente-Serrano, 2013) in R. This index was calculated for the 1766-2014 period using
total monthly precipitation, mean monthly temperature, and the latitude of the central
point of the NFNP. The difference between the SPEI and the SPI (SPEI-SPI) represents
the contribution of PET to drought (Cavin et al., 2013). The time scales examined were
3, 6, 12, 24 and 36 months, where the 3 month SPEI represents short-term drought, the
6 and 12 month SPEI represent medium-term drought, and the 24 and 36 month
timescales represent long-term drought. We are particularly interested in the 3 and 6
month SPEI indices. As monthly SPEI values for these timescales are based on the total
rainfall for the month for which the SPEI is calculated and the preceding 2 and 5 months
respectively, the SPEI3 for August and the SPEI6 for September can be used as
measures of the cumulative water balance for the summer season (Jun-Aug) and the
growing season (Apr-Sep).
SPEI values range from -3 to +3, where positive values indicate greater than median and
negative values lower than median precipitation - therefore this index can be used as an
indicator of flooding as well as drought (UCL, 2013). A zero value represents ‘normal’
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precipitation for the area, and the lower the value of the index the more severe the

drought. The classification of drought events according to SPEI is detailed in Table 6.2
below. From the SPEI time series, it is also possible to estimate the magnitude,
frequency and duration of drought events.
The SPEI is calculated as follows:

(6.1)

Di = Pi − P ETi
The calculated D values are aggregated at various timescales:
Dnk

k−1
X
=
(Pn−1 − P ETn−i ), n ≥ k

(6.2)

i=0

where
D = climatic water balance
P = precipitation
PET = potential evapotranspiration (calculated using the Thornthwaite equation - see
Vicente-Serrano et al. (2010))
i = month
k = timescale of the aggregation (in months)
n = calculation number
Source: Vicente-Serrano et al. (2013). The complete SPEI calculation procedure is
described in Vicente-Serrano et al. (2010).
Table 6.2: Standardised Precipitation Index and Standardised Precipitation Evapotranspiration Index Drought Severity Classification

Drought category
Extreme wet
Severe wet
Moderate wet
Normal
Moderate drought
Severe drought
Extreme drought

SPI/SPEI
≥ 2.00
1.99 to 1.50
1.49 to 1.00
0.00 to -0.99
-1.00 to -1.49
-1.50 to -1.99
≤ −2.00

Probability
0.02
0.06
0.10
0.65
0.10
0.05
0.02

Source: adapted from Lloyd-Hughes and Saunders (2002) and Potop et al. (2014)

Streamflow drought and streamflow deficiency indices: These indices (Stahl and Demuth,
1999; Stahl, 2001) use daily streamflow data from Oct 1st 1960-Dec 31st 2014 from the
Lymington River at Brockenhurst gauging station, located in the central-south New
Forest, to identify hydrological drought events and periods of unusually low stream flow.
The use of such data provides an appropriate measure of drought, as they incorporate
the entire range of hydrometeorological processes occurring across a catchment (Centre
for Ecology and Hydrology, 2013). A hydrological drought event occurs when a rainfall
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deficit develops (meteorological drought) leading to soil moisture deficiency, which in
turn leads to a decrease in streamflow giving rise to a hydrological drought (Stahl, 2001).
The streamflow drought index identifies as hydrological drought events those periods
during which mean daily river flow falls below an annual threshold, usually the 10th
percentile (Q90 - the flow equalled or exceeded 90% of the time). The drought event
begins when the flow falls below the threshold, and ends either when the threshold is
exceeded or when the water deficit volume below the threshold has been replenished
(Stahl, 2001). In this study, seasonally constant Q90 thresholds were estimated to
examine the incidence of summer and winter droughts, and an annually constant Q90
threshold was also estimated. Each day of the streamflow time series is then coded as
either ‘0’ when the flow is greater than the Q90 flow (no drought), or ‘1’ when the flow is
less than the Q90 flow (a streamflow drought). The annual maximum drought duration
(days), and the annual cumulated duration of all drought events (days), were estimated
from the streamflow drought index.
The streamflow deficiency index follows a similar approach, but instead of a constant
seasonal or annual threshold, a daily-varying threshold is calculated, again Q90. The
varying threshold identifies relative streamflow deficits during both the high and low flow
seasons. Periods of streamflow deficiency are defined as departures from the ‘normal’
annual low-flow cycle (Stahl, 2001). A deficiency occurs when the flow on any given day
falls below the threshold for that particular day, although such low flows may not be
severe enough to qualify as drought events. In the present study, for a given day j, the
daily-varying Q90 threshold is calculated with a 7-day moving window using the daily
flow data for j and 3 days either side. Over the entire 55 year period of record
(1960-2014), this approach increases the sample size to 385 mean daily river flow values
for the calculation of each daily Q90 value. The 7-day time window is used instead of
single values, as Stahl (2001) recommends a sample size of at least 300 values for the
estimation of each daily percentile with the varying threshold approach; it also gives a
smoother flow duration curve (Hannaford et al., 2011). As with the drought index, each
day of the streamflow time series is coded as either ‘0’ when the flow exceeds the Q90
flow (no deficiency), or ‘1’ when the flow is less than the Q90 flow for that day (a
streamflow deficiency).
Care must be taken in the interpretation and significance of streamflow deficiencies, as
they depend on the period during which they occur, e.g. streamflow deficiency during
the low flow season corresponds to a severe drought, whilst a deficiency during the high
flow season may lead to a drought at a later point in time (Stahl, 2001). Furthermore,
fluctuations and trends in streamflow may be caused by factors other than climate, e.g.
anthropogenic activities such as stream channelisation or irrigation. Consequently,
further research into the history of the Lymington River is necessary before any
definitive conclusions can be made about the observed trends in streamflow, streamflow
drought and streamflow deficiency.

Chapter 6 : From Past to Present: Historic Trends in the New Forest

103

For ease of visualisation, long and/or ‘noisy’ time series were smoothed using a moving
average and the filter function in R (stats package) (typically 5 or 7-point moving
averages). To facilitate the comparison of multiple trends, z-scores were calculated for
each of the datasets according to Equation 6.3:

z =

x−µ
σ

(6.3)

where
z = z-score
x = raw score
µ = mean of time series
σ = standard deviation of time series

6.2.4

Trend analysis of time series data

Linear regression was carried out for the entire period of record, on the seasonal
minimum, maximum and mean temperature and SST anomalies, and the SPEI3Aug
(summer season drought index) and SPEI6Sep (growing season drought index) time series
to detect any trends over time. A trend is defined as “long-term temporal variation in
the statistical properties of a process, where ‘long-term’ depends on the application”
(Chandler and Scott, 2011, p. 5). The original monthly time series for the min, max and
mean temperature series were then decomposed into their seasonal, trend and irregular
components using the stl function in R (stats package), and linear regression was
performed on the deseasonalised (trend+irregular) component for both the entire period
of record and the 1960-2014 period.
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Results
Climate data

When examining climate data, a number of aspects are important including the
long-term trends (i.e., whether the series is progressively increasing or decreasing over
time), and the duration, frequency and magnitude of extreme events. In the context of
this study, both types of variation are of interest, as they can both have an impact upon
the New Forest SES. Figure 6.1 depicts seasonal time series for minimum and maximum
temperature 1855-2014, mean temperature 1659-2014, and the deseasonalised time series
for the monthly min, max and mean temperature series, while Figure 6.2 shows seasonal
data for SST anomalies. Tables 6.3 and 6.4 depict the linear regression results for all
seasonal time series, together with the outputs of regression analysis for the
deseasonlised data for min, max and mean temperature for both the 1960-2004
timeframe and the entire period of record.
Minimum, maximum and mean temperatures all display an upward trend over the period
of record for all four seasons, with the most drastic increase occurring from the mid-1980s
onwards. The most significant increases in minimum and maximum temperature
occurred during the autumn season, with an average annual increase of 0.01 ◦ C for both
variables, corresponding to an overall rise of 1.69 and 1.76 ◦ C for min and max temp
respectively. Spring also saw a significant upward trend in minimum and maximum
temperature, with a total increase of 1.31 and 1.09 ◦ C for min and max temp. Summer
trends are less clear, with a significant upward trend of 0.01 ◦ C and a total increase over
the 1855-2014 period of record of 1.17 ◦ C. During the winter months, a significant trend
was observed for max temp, which increased by a total of 1.26 ◦ C. In the case of mean
temperature, significant regressions were obtained for spring, autumn and winter, with
overall increases of 0.93, 1.13 and 1.37 ◦ C respectively over the relevant period of record.
The deseasonalised monthly time series for all three variables show significant upward
trends over both the entire period of record and the 1960-2014 timeframe. The results
for the shorter period show higher annual rates of increase, with a total increase in min
and max temperature of 1.25 ◦ C and in mean temperature of 0.96 ◦ C.
Sea surface temperature anomalies for all seasons also show a general upward trend from
1855-2014, with more drastic increases from the mid-1980s, although this is less
exaggerated for the winter season. Results from linear regression show that the annual
rate of change is highest for the autumn months, with an average annual rise of 0.01 ◦ C
and an overall increase of 1.09 ◦ C, while spring, summer and winter saw total increases
over the 1850-2014 period of 0.91, 1.03 and 0.43 ◦ C respectively.
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Figure 6.1: Top and middle: minimum and maximum temperature 1855-2014 and mean
temperature 1659-2014 for the Southampton weather station for each of the four seasons.
Original data are represented in grey and 5-point moving average smooths in colour. The
1961-1990 long-term average (LTA) for the mean temperature series is represented by the
red line and linear trend lines are in black. Bottom: 7-point moving average smooth of
the deseasonalised time series for minimum and maximum temperature 1855-2014 and
mean temperature 1659-2014; linear trend lines are in black.
Source: derived from HadCET dataset and Met Office historic station data for Southampton
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Figure 6.2: Sea surface temperature (SST) anomalies for the 1850-2014 period relative
to the 1961-1990 LTA. Original data are represented in grey and 5-point moving average
smooths in red; linear trend lines are in black.
Source: HadSST3 dataset
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Variable
Minimum temperature
Maximum temperature
Mean temperature
SST anomalies

Spr
0.008***
0.007***
0.003***
0.006***

Annual rate of change (◦ C)
Sum
Aut
0.007***
0.011***
0.005*
0.011***
0.001*
0.003***
0.006***
0.007***

Win
0.005*
0.008***
0.004***
0.003*

Total change over period of record (◦ C)
Spr
Sum
Aut
Win
1.305
1.166
1.688
0.750
1.088
0.787
1.762
1.262
0.926
0.384
1.130
1.373
0.908
1.028
1.091
0.428

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Table 6.4: Regression results for deseasonalised monthly min, max and mean temperature for the entire period of record and the 1960-2014 period.
The annual rate of change and the overall change over the period of interest are detailed. Significance values are indicated by the asterisks.

Variable
Minimum temperature
Maximum temperature
Mean temperature

1960-2014
Annual rate of change
Total change over
◦
( C)
period of record (◦ C)
0.015***
0.825
0.023***
1.26
0.018***
0.99

Entire period of record
Annual rate of change
Total change over
◦
( C)
period of record (◦ C)
0.008***
1.248
0.008***
1.248
0.003***
0.961
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Table 6.3: Regression results for minimum and maximum temperature 1855-2014, mean temperature 1659-2014, and sea surface temperature anomalies
1850-2014 for the spring, summer, autumn and winter seasons. The annual rate of change for each season and the overall change over the entire period
of record are detailed. Significance values are indicated by the asterisks.

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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The SPEI for the 3 month (short-term/seasonal), 6 and 12 month (medium-term), and
36 month (long-term) timescales are shown in Figure 6.3. The 3 month SPEI for the
month of August represents a short-term seasonal drought index for the summer season.
The 6 month SPEI for September represents precipitation and temperature conditions
for the Apr-Sep growing season. These are shown in Figure 6.4. From these figures we
can see that there have been numerous severe-extreme drought events over the period of
record, several of which have persisted in the long-term, e.g. 1781, 1944, 1946 and 1949,
1973 and 1990/91. From Figure 6.4, the most extreme summer droughts occurred in
1911, 1949, 1976 and 1995, while the years 1911, 1921, 1947, 1959, 1989/90 and 1995
experienced the most severe growing season droughts. The 1976 drought event is
highlighted here, as it was one of the most severe droughts of recent decades, and had a
significant impact upon the Ancient & Ornamental woodlands of the Forest. Linear
regression of the summer and growing season drought indices yielded significant
downward trends of 0.0024 annum-1 and 0.0033 annum-1 between 1766 and 2014, thus
there is an overall decrease in the SPEI, i.e., an increase in the severity of drought events.
Hydrological drought as measured by the streamflow drought and streamflow deficiency
indices for the Q70 and Q90 thresholds are depicted in Figure 6.5. This depicts in dark
red those periods of most severe deficiency and drought, the most prolonged of which
occurred during the spring and summer seasons of 1962, 1976, 1989-91, and 1995. The
annual maximum drought duration, i.e., the length of the longest continuous drought in
a particular year, and the annual cumulated duration of all drought events (days) are
depicted in Figure 6.6. The year with both the longest continuous drought event (66
days), and the highest total number of drought days (173), was 1976, followed by the
years 1989 and 1962 with 148 and 142 total number of drought days, and the years 1962
and 1995 with continuous drought events of 43 and 39 days respectively.
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Figure 6.3: SPEI for the 3 month (short-term), 6 and 12 month (medium-term) and
36 month (long-term) timescales.
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Figure 6.4: SPEI for the Jun-Aug summer season and the Apr-Sep growing season.
These are comprised of the 3 month SPEI values for August and 6 month SPEI values
for September respectively. The blue bars indicate years with higher than normal and the
red bars lower than normal precipitation. A 5-point moving average smooth is depicted
by the red line and linear trend lines are in black. The 1976 drought is indicated by the
vertical dark orange band.
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Figure 6.5: Streamflow drought (left) and streamflow deficiency (right) for the Lymington River at Brockenhurst gauging station Oct 1960-Dec 2014.
Dark red cells indicate days in which the mean daily streamflow was below the constant seasonal Q90 threshold or the daily-varying Q90 threshold for
drought and deficiency respectively. The pale red cells indicate days in which the mean daily streamflow was below the constant seasonal Q70 threshold
or the daily-varying Q70 threshold for drought and deficiency respectively. Grey cells indicate no streamflow drought or deficiency.
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Figure 6.6: Annual maximum drought duration and annual cumulated duration of all
drought events 1961-2014. The 1976 and 1989 droughts - the years with the highest and
second highest total number of drought days respectively - are indicated by the vertical
grey bands.
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Ecosystem services and drivers of system change

Figure 6.7 depicts a number of standardised data series for the AD1700-AD2014 period,
which describe trends in some of the provisioning and cultural ecosystem goods and
services provided by the Forest, and in some of the drivers of system change.
During the first four hundred years of its existence from the 12th -16th century, the Forest
served mainly to provide the King with deer to hunt. During this time it was under the
management of the Crown, whose actions served primarily to preserve and augment the
well-being and the supply of these animals. It was a place subject to Forest Law, whose
purpose was to conserve the deer and other beasts for their meat and hides, and to
protect the vegetation and habitats upon which the deer depended (Tubbs, 2001). The
earliest deer records date from 1669 and are sporadic, with a continuous record existing
only from 1960. From the available data, deer numbers have fluctuated significantly over
time, reaching their peak in the year 1673 with almost 10,000 fallow and red deer. The
apparent lack of deer during long periods between 1677 and 1851 is due to a paucity of
records, rather than an actual absence of deer. However, after the establishment of the
Deer Removal Act in 1851, deer numbers fell to almost zero, and remained at this level
until their reintroduction and re-establishment in the Forest, mainly during the 20th
century. Over the last five decades, their numbers appear to have increased gradually to
the present day figure of just over 1,800. There are some sources of inconsistency in the
record, as annual totals do not always represent the same number of species, and there is
a lack of homogeneity in the estimation of deer numbers through time. Since 1960, an
annual visual estimate of deer populations has been carried out during the spring by the
New Forest Keepers. Since the year 2000, a correction factor has been applied to the
visual count to compensate for the fact that the number of deer observed does not reflect
the actual population present (Forestry Commission, 2007a). Therefore, it should be
assumed that census figures prior to 2000 are significant underestimates of what the true
Forest population probably was (Andy Page, Forestry Commission, pers. comm.).
Large grazing herbivores, deer and Commoners’ stock (principally ponies and cattle),
represent important provisioning services via the food products they supply and the
income they generate, and also a cultural service as they form part of the ancient
Commoning tradition through the practice of the ‘right of pasture’. Records of
Commoners’ stock are available on an annual time step, although this record is not
continuous in time, with no records prior to 1792, and a paucity of records between this
date and the late 1800s. After this time, the record becomes more consistent and exists
on annual basis from 1956 to 2014. There is also seasonal variation in grazing pressure
on the Open Forest, as the number of Commoners’ animals present can vary between
summer and winter (as a result of summer fence month and winter heyning), and is
further influenced by the fact that the cattle are provided with supplementary feed
during the winter months. However, no estimate is made of grazing stock populations on
the Open Forest at different times of year, due to the difficulty in making such a

114

Chapter 6 : From Past to Present: Historic Trends in the New Forest

calculation. Although the Crown has at various points in time enforced (with varying
degrees of success) those Forest Laws that provide for the removal of domestic stock
during the fence month (fourteen days either side of midsummer when the deer give
birth), and winter heyning (Michaelmas to Hocktide in the Orders and Rules of 1537,
and 22nd of November to 4th of May since the 17th century), there are no recorded
figures for stock removal (Cox and Reeves, 2000; Tubbs, 2001). Since AD1700, large
herbivore density has fluctuated, with low periods from approximately 1840 to 1880 and
again during the 1930s, whilst high levels of grazing pressure occurred during the last
two decades of the 19th century and from the mid-20th century to the present day. In
2014, the number of Commoners animals was at a historic high, with 9,125 ponies,
cattle, sheep and donkeys grazing on the Open Forest.
From Roman times, or possibly earlier, until well into the Middle Ages, Quercus (oak)
timber was not the most valuable of forest products, as pasture was considered more
important. The acorn crop was valuable food for pigs, and traditional management
practices such as coppicing and pollarding were widespread (Jones, 1959). In the New
Forest, the impacts of coppicing (the enclosure of a site that included growing timber
trees against deer and commonable stock, allowing it to regenerate naturally (Sumner,
1929; Tubbs, 2001)), pollarding (coppicing of a tree above browse height to produce
branches for deer browse or firewood (Tubbs, 2001)), and shrouding (the lopping of
lateral branches (Tubbs, 2001)) were limited, as they were carried out at a local scale.
Information regarding these practices is not abundant, with existing data referring
principally to the area of land enclosed for such purposes, while little data are found on
the quantities of wood cut. Estimates of the area of land coppiced between the late
1300s and late 1600s include 182 ha in the year 1565 (Tubbs, 1964; Flower, 1980a), 528
ha in 1608 (Tubbs, 1964), 293 ha in 1609 (Sumner, 1929), and 1200-1600 ha in 1670 this last figure most likely included all those sites known at the time to have been
encoppiced at some period, rather than those sites actually enclosed at the time of
survey (Tubbs, 1964). As the importance of timber production in the Forest rose, so that
of deer hunting and non-timber forest products waned, and timber production evolved
from a small-scale enterprise before 1630 to a large-scale endeavour after this date.
Of greater import in terms of impacts upon the landscape, is the exploitation of the
woodlands from the early 17th century onwards, as the demand for timber meant that
the importance of the woodlands for this product began to outstrip their significance for
fuel and fodder. Thus, the practices of coppicing and pollarding began to wane in
popularity from the late 1600s, leading to the 1698 Act which prohibited the pollarding
of Quercus and Fagus (Tubbs, 2001). The larger-scale production of timber served
primarily, but not exclusively, the Navy shipbuilding industry. This lasted from the 16th
to the 19th century, and utilised Quercus for the construction of ships’ hulls and Ulmus
and Fagus for planking (Flower, 1980b) and for the keel (Packham et al., 2012). Prior to
1630, the demand for timber from the New Forest was modest, but after this date
production to meet Navy and other demands led to the enclosure of the extensive
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Figure 6.7: Time series of long-term records for ecosystem service provision and drivers
of change in the New Forest over the AD1780-2014 period.
Source: see Table 6.1
FU = feeding unit density (1 feeding unit = 1 pony = 2 cows = 3 deer), expressed as feeding
units per hectare of Open Forest; SCPs = spheroidal carbonaceous particles, produced by fossil
fuel combustion and an indicator of air quality.
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Figure 6.8: Timber production in the New Forest from 1571 to the present day.
Source: see Table 6.1
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heathlands and pasture woodlands of the Open Forest (Sanderson, 2007), and typically
the clear-felling of many of the ancient deciduous woodlands. In the 17th and 18th
centuries, much of the timber supplied came from the unenclosed woods (Tubbs, 2001).
Available timber production data covers the 1571-2014 period and is shown in Figure 6.8.
Values up to and including the year 2000 indicate fellings of Fagus and Quercus only,
whilst those after 2000 include all species felled within the Forest Inclosures (both
hardwood and softwood). Peaks in timber production occurred around 1700, and
between approximately 1780 and 1810, which coincide with the main periods of
woodland enclosure. Data for the recent past covers the periods of the two World Wars,
where approximately 250,000 tonnes and 400,000 tonnes of timber were removed from
the Forest between 1914-1918 and 1939-1945 respectively. It is not known what
proportion of this timber consisted of hardwoods nor from which part of the Forest it
came (Baker, 1947), although Tubbs (2001) states that the majority of timber felled
from 1914-18 derived from the 19th century conifers and that much of what remained,
together with the pre-1914 plantings, was felled in the early 1940s. From the post-war
period to the present day, all timber has come from the Inclosure plantation woodlands.
Forestry Commission records from 2001-2012 show that a total of 472,833 tonnes of
timber were removed during this time although, again, it is not known what proportion
of these were hardwoods and what proportion consisted of softwoods.
Along with the right to graze their animals on the Open Forest, the Commoners also had
other rights, including the ‘right of marl’ - the right to dig clay; the ‘right of turbary’ the right to cut turf for fuel; the ‘right of estovers’ - the right to gather branch wood
from felled trees; and the ‘right of mast’ - the right to turn pigs out onto the Open
Forest in the pannage season to feed on acorns and beech mast (Edwards and Steins,
1998). The right of turbary was exercised in the New Forest from at least the 13th
century (Westerhoff and Clarke, 1992) and permitted the cutting of turf from the
heathlands. This practice continued well into the 20th century, and also included the
removal of peat from the mires, as well as the right to cut bracken for bedding and litter
and heather for thatch (Tubbs, 2001). However, data regarding the quantity of turf and
peat cut on the New Forest are sparse and sporadic. Some limited information regarding
peat-cutting is provided by Clarke (1988), who states that this practice was carried out
from the mid-17th to the mid-19th century, affected at least 31 valley mire sites in the
Forest, and had profound impacts on their structure. From Tubbs (2001), between the
1850s and 1860s, an estimated average of 3,755,000 turves were cut annually on the
Open Forest, equivalent to approximately 35 ha of heath, and in 1892 an estimated
1,250,000 turves were cut annually, equivalent to 11.6 ha of heathland. As there was a
customary practice of ‘cutting one and leaving two’, three times these reported areas
would be needed anually to supply turf to the Commoners.
Figure 6.7 depicts normalised population density from 1801 to 2011, and clearly shows a
continuous and drastic increase in the resident population of the New Forest. Although
parish, borough and district boundaries have changed repeatedly over this time period,
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the population records apply to those administrative areas that correspond as closely as
possible to the present-day New Forest District (which includes, but is not limited to, the
New Forest National Park). These records show that the population of this area
increased steadily from 24,265 people in an area of approx. 66,479 ha in 1801, to 176,462
people in an area of 75,321 ha in 2011, equivalent to 0.37 and 2.34 persons per ha
respectively. A growing population can impact upon the ecosystem and the goods and
services it provides in a number of ways, through land conversion for the construction of
dwellings and infrastructure and increased pressure on natural resources.
Spheroidal carbonaceous particles (SCPs), produced by fossil fuel combustion, are
depicted in Figure 6.7 as an indicator of air quality. These data are derived from Rose
and Appleby (2005), and the record presented here is the regional cumulative percentage
profile for south and central England. The overall pattern of these data is broadly
consistent with other SCP profiles from across the UK, as the record begins in the
mid-1800s, increases gradually and then more sharply from the mid-1890s, before
reaching its peak around 1980.
Since the beginning of the 19th century, the New Forest has served as an important
destination for tourism and recreation activities for both residents of the area and visitors
from further afield. T his t ransition f rom d eer a nd t imber m anagement t o biodiversity
conservation and the delivery of cultural ES reflects a t rend o bserved i n m any other
woodland systems (Seidl et al., 2011). Tourism and recreational use represents an
important cultural ecosystem service in this area. Since the early 20th century, the use of
the Forest for this purpose has grown significantly. T he number o f d ay v isits has
increased drastically over the last 40 years, from an estimated 3.5 million day visitors in
1969 (Alcock, 1984), to approximately 10.5 million in 2004 (Tourism South East, 2005).
The Park currently has more visitors per square kilometre than any other national park
in the UK with 7.5 visits km-2 , which equates to an estimated 13,555,400 visitor days per
annum (New Forest National Park Authority, 2007b). In terms of the recreation and
tourism value of woodlands, in 2012-13 there were an estimated 357 million visits to
woodland in England (Forestry Commission, 2014a), and the non-market benefits of
woodlands in Great Britain are estimated at approximately £1.25 billion per annum,
attributable primarily to recreation, biodiversity, landscapes and carbon sequestration
(Willis et al., 2003) - cited in Read et al. (2009). Impacts from recreational and tourism
activities, although potentially significant, a re d ifficult t o q uantify, a s r ecords o f past
visitor numbers are not available, and with the exception of a 2007 study by the Forestry
Commission (conducted as part of the PROGRESS project), to date no research has
been carried out to determine the impacts of recreational users upon the landscape.
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6.4

Main findings and conclusions

The changing nature of people’s relationship with the New Forest is reflected in the ways
in which they have exploited the landscape through time, as depicted in Figure 6.9. This
describes the overall changes in the spatial and temporal distribution of multiple
ecosystem services. This chapter examines how many of the changes in land-use and
land-cover described in Chapters 4 and 5 were largely driven by management strategies
aimed at enhancing the supply of important provisioning and cultural ES at different
points in time. The demand for certain services over the last thousand years has
included deer (11th - 19th century), coppice products (14th - 17th century), fuelwood, turf
and peat (12th - 19th century), timber (16th century - present) and commoning (11th
century - present). In more recent decades, cultural services such as recreation and
tourism (early 20th century - present) have become more prominent. Anthropogenic
climate change has also become an important driver of landscape and vegetation
dynamics, manifesting itself as a gradual increase in temperature and an increase in the
severity and frequency of extreme weather events such as drought. The combined effects
of climate change, the abandonment of traditional land management practices, and the
intensification of certain management strategies, in particular grazing and timber
production, will continue to present challenges for the New Forest SES over the coming
decades, and for its ability to deliver ecosystem goods and services.

Figure 6.9: A summary of the spatial and temporal provision of some of the ecosystem
goods and services delivered by the New Forest system over the AD1700-present day
period.

Chapter 7

Carbon in the New Forest
7.1

Introduction

This chapter focuses on carbon storage in the vegetation and soils of the New Forest and
the impact of past land-use strategies, and in particular commercial forestry, on the
land-cover patterns and carbon stocks of the area. The decision to have a specific focus
on carbon stems from discussions early in the PhD, with stakeholders including the
Forestry Commission and the New Forest National Park Authority, who expressed
interest in obtaining more precise data on the carbon stocks in the Park. Furthermore,
given the direct relationship between land-cover and carbon storage, the possibility of
mapping present-day per area carbon content values on to past land-cover patterns, as
estimated by pollen and historical map analysis, provided a means to create a long-term
record for the provision of this ecosystem service. Cannell and Milne (1995) state that
vegetation carbon storage can be evaluated in terms of long-term equilibrium storage or
short-term rates of storage. Here we focus on long-term equilibrium storage, and assume
that the carbon stock estimated for each land-cover type is the total equilibrium carbon
storage. Changes in carbon stocks over time are considered only in terms of changes in
the area of broad land-cover types. They do not take into account carbon fluxes to and
from the atmosphere as a result of natural processes such as tree growth and
decomposition, or the impacts of anthropogenic activities such as peatland drainage or
woodland thinning.

7.1.1

Carbon stocks in the UK

The soils and vegetation of the UK’s habitats, and its peatlands and woodlands in
particular, are important stores of carbon, and as such play a role in climate regulation.
Milne and Brown (1997) estimated that a total of 114 MtC (million tonnes of carbon)
are stored in vegetation in Britain, of which c. 80% is held in forests and woodlands,
with this amount divided approximately equally between broadleaved and coniferous
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120

Chapter 7 : Carbon in the New Forest

woodlands. Read et al. (2009) gave a slightly higher value of 150 MtC in woodland trees
in the UK, although this is likely due to the increase in forested area between these two
studies. Cannell and Milne (1995) reported per hectare carbon stocks of 61.9 tC and 21.1
tC for broadleaved and coniferous woodlands respectively for the base year 1990, with
the lower values for the latter potentially due to the smaller amount of litter in these
woodlands, and the fact that they are often felled before the forest reaches its maximum
carbon mass. Per hectare vegetation carbon stock estimates for non-wooded land-cover
types typically range between 1 and 2 tC, e.g. (Milne and Brown, 1997; Cantarello et al.,
2011; Alonso et al., 2012).
The estimated total soil carbon stock for the UK is 4,562 MtC in the top 100 cm of soils
(2,543 Mt in the 0-30 cm horizons), with 1,739 MtC in English soils (1,015 Mt in the
0-30 cm horizons) (Bradley et al., 2005), and approximately 795 MtC in the top 15 cm
(Countryside Survey, 2007). Bradley et al. (2005) reported the highest per hectare soil
carbon stocks (0-30 cm) in England for semi-natural habitats, followed by woodlands,
pasture, arable lands and gardens with 120, 100, 80, 70 and 40 tC ha-1 respectively. In
forests, soils account for approximately 75% of total forest carbon (Forestry Commission,
2014a). Although not the most significant stores of soil carbon, forest and woodland soils
do contain approximately 9% of UK soil organic carbon, and these soils have a relatively
high carbon density when compared with other non-peat soils (Bradley et al., 2005) and
other vegetation cover types (Broadmeadow and Ray, 2005). Read et al. (2009) reported
an estimated 640 MtC in woodland soils in the UK.
Peats represent another important soil carbon store, although estimates of peatland
carbon storage in the UK have been found to vary significantly (Lindsay, 2010). This
author summarises various published estimates of peat carbon stocks in the UK, which
include 3,000 MtC in England, Scotland and Wales (Cannell et al., 1993) - Lindsay
(2010) suggests that it is reasonable to take this as a minimum total value. Further
estimates include 2,773 MtC in peatlands in England and Wales (Howard et al., 1995),
and 474 MtC in raw peat soils and earthy peat soils in England and Wales (Milne and
Brown, 1997), whilst Natural England (2010) estimated 584 Mt in English peatlands
with 138 Mt contained in blanket bogs and valley mires. Billett et al. (2010) estimated a
total value of 419 MtC in English peatlands, with 296 MtC in the top 100 cm and 123
MtC below 100 cm, equivalent to a total of 989.8 tC ha-1 throughout the entire peat
profile. Worrall et al. (2010) calculated the stock of carbon in UK peats at 3,200 ± 300
MtC. Although values for peat carbon storage vary widely, they are undoubtedly the
most important soil carbon store, containing in excess of 50% of UK soil carbon stocks
(Natural England, 2010). In terms of soil carbon stock stability over time, Countryside
Survey (2007) reported that mean soil carbon concentration (0-15 cm) remained constant
in the majority of habitats in England between 1978 and 2007, with the exception of the
arable and horticulture broad habitat, which experienced a significant decrease.
Of particular interest in this study in relation to land-use change and carbon storage, are
the Park’s woodlands. Forests and woodlands regulate climate at the regional and global
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scales through both biogeochemical, i.e., fluxes of greenhouses gases to or from plant
biomass and organic soils, and biophysical, i.e., the regulation of evapotranspiration,
surface albedo and surface roughness. At the local scale, woodlands also provide shelter
from wind and precipitation, shade from heat and UV emissions, and regulate
temperature, precipitation and humidity (Smith et al., 2013). Although the UK’s
woodland carbon stocks may be small in absolute terms, they are nonetheless important
for emissions reductions in the short term (Broadmeadow and Matthews, 2003), and the
carbon content of both the vegetation and soil carbon pools in forests are generally
higher than that associated with most other vegetation covers (Broadmeadow and Ray,
2005), with the exception of peatlands.
Ancient or old-growth woodlands are particularly important in terms of carbon storage
as old, undisturbed woodlands generally contain more carbon than plantations (Cannell
and Milne, 1995). Old-growth woodlands represent the maximum potential for carbon
accumulation in UK woodlands, and can accumulate up to 250 tC ha-1 (Broadmeadow
and Ray, 2005). They typically contain approximately 200 tC ha-1 in living vegetation
biomass compared to an average of 100 tC ha-1 in commercial forestry plantations
(Broadmeadow and Matthews, 2003). Old-growth woodlands are often considered carbon
neutral, as losses via respiration and decay balance uptake through photosynthesis
(Broadmeadow and Ray, 2005), although they can continue to accumulate carbon for
centuries if left undisturbed, with an average sequestration rate of 2.4-0.8 tC ha-1 yr-1 for
boreal and temperate forests over 200 years of age (Luyssaert et al., 2008). The
replacement of old-growth deciduous woodland with conifer plantations, along with the
afforestation of peatlands, resulted in post-war forestry in Britain being a net source of
carbon (Adger et al., 1992). Peatland habitats are not static in time, and undisturbed
peatlands both capture CO2 as they accumulate peat and emit CH4 via the anoxic decay
of soil organic matter. Peatlands can become emitters of CO2 due to falling water tables,
e.g. during the summer or as a result of anthropogenic disturbance including drainage
activities and peat cutting (Natural England, 2010). Although few peatlands in the UK
are at an equilibrium state (Cannell et al., 1999), in this study the area and volume of
peatlands in the New Forest is assumed to be constant throughout the c. 230-year period
of interest, and net carbon fluxes are assumed to be zero.
Land-use, land-use change and forestry (LULUCF) impact carbon sequestration rates
and the carbon storage capacity of the landscape, as land-use types differ in relation to
their vegetation carbon density. Changes in land-use also have a significant impact on
soil carbon stocks, albeit over a longer time scale, as soil carbon content is dependent not
only upon soil type but also upon the vegetation or other cover (Milne and Brown,
1997). The Countryside Survey (2007) summarises the land-use changes and
management strategies that can have a negative impact on carbon sequestration rates
and carbon storage. These include: undergrazing/overgrazing, soil compaction and
inappropriate scrub-control in grasslands, heathlands and mires, peat extraction and
drainage of peatlands resulting in the oxidation of organic matter, heathland restoration
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practices that involve soil removal and disturbance, land conversion to arable land and
intensification o f a gricultural p ractices, d eforestation a nd u nfavourable woodland
management strategies, e.g. the establishment of plantations on inappropriate sites such
as peatlands. Between 1964 and 1990, the conversion of uncultivated to cultivated land
resulted in a loss of soil carbon of 1.25 MtC a-1 across Britain, and the conversion of
uncultivated land and forested land to urban land resulted in losses of soil carbon of 0.87
and 0.35 MtC a-1 respectively (Cannell et al., 1999). From 1990 to 2010, the total carbon
stored in UK forests increased from 826 to 1,031 million tC (Forestry Commission,
2014a). In 2013, these trends have continued, as conversion to cropland remained the
dominant source of LULUCF-related CO2 emissions in Britain, although overall
LULUCF represented a carbon sink resulting in the absorption of 5.24 million tonnes
CO2 equivalent due primarily to forest land remaining forest land. This net accumulation
of carbon contrasts with the UK as an overall source of CO2, with net GHG emissions of
570 million tonnes CO2 -e (Department of Energy and Climate Change, 2014).
The specific research questions to be addressed in this chapter are:
• What is the present-day carbon stock for each of the terrestrial carbon pools in the
New Forest - living biomass (above and belowground), dead organic matter (litter)
and soils?
• How may total carbon stocks have changed over time in the New Forest as a result
of land-use and land-cover change?

7.2

Methodology

Various methods have been employed for the estimation and spatial mapping of carbon
storage in soils and vegetation in the UK. These range from value transfer mapping, e.g.
Cantarello et al. (2011), to the collection of primary data, e.g. Bellamy et al. (2005), to a
combination of these methods, e.g. Cannell and Milne (1995), Milne and Brown (1997)
and Billett et al. (2010). In this study, primary data collected by the author (for
non-tree vegetation, litter and soils) and by a team at Bournemouth University (for
trees) were used for the majority of the study area, supplemented by values from the
literature as necessary. Estimation of present-day carbon stocks for the area lying within
the New Forest perambulation was carried out for the main terrestrial carbon pools
(with the exception of dead wood), as defined by the Good Practice Guidelines for Land
Use, Land Use Change and Forestry (GPG for LULUCF) (IPCC, 2003) - see Table 7.1.
The area within the New Forest perambulation was divided into the six broad land-use
categories defined by the GPG for LULUCF (IPCC, 2003). These were in turn further
broken down into the main vegetation cover types present in the Park, giving a total of
seventeen separate land-cover types identified primarily by their vegetation height and
aboveground biomass. These categories and the data sources from which they were
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identified are detailed in Table 7.2 and their spatial distribution is depicted in Figure 7.1.
For each land-cover type, two study sites were selected for non-tree vegetation, litter and
soil sampling, with the exception of the enclosed broadleaves and enclosed conifers
land-cover types, where three study sites were surveyed in each. As the soil carbon
content for a particular soil series is dependent upon the vegetation cover (Milne and
Brown, 1997), soil carbon stocks were also estimated on the basis of these land-cover
categories. Each study site corresponds to a single polygon of the relevant land-cover
type as mapped by the sources detailed in Table 7.2. It should be noted that these
polygons were not uniform in size or shape, although the largest polygons available for
each land-cover type within the NF perambulation were chosen for analysis. The
polygons varied in size from 4.65 ha for A&O woodland ST5, to 86.8 ha for parched acid
grassland, with a mean area of 29.9 ha. Fieldwork was carried out mainly in the summer
of 2013 (June-August), with a further 7 days of fieldwork completed in late August 2014
to sample those areas not reached the previous year.
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Table 7.1: Description of the terrestrial carbon pools for which present-day carbon stocks were estimated in the New Forest (IPCC, 2003)

Living Biomass

A. Aboveground Biomass
B. Belowground Biomass

Dead Organic Matter

C. Dead Wood

D. Litter

E. Soil Organic Matter

Chapter 7 : Carbon in the New Forest

Soils

All living biomass above the soil including stem, stump, branches, bark, seeds, and
foliage
All living biomass of live roots. Fine roots of less than (suggested) 2 mm diameter
are often excluded because these often cannot be distinguished empirically from soil
organic matter or litter.
Includes all non-living woody biomass not contained in the litter, either standing,
lying on the ground, or in the soil. Dead wood includes wood lying on the surface,
dead roots, and stumps larger than or equal to 10 cm in diameter or any other
diameter used by the country.
Includes all non-living biomass with a diameter less than a minimum diameter
chosen by the country (for example 10 cm), lying dead, in various states of
decomposition above the mineral or organic soil. This includes the litter, fumic,
and humic horizons. Live fine roots (of less than the suggested diameter limit for
belowground biomass) are included in litter where they cannot be distinguished
from it empirically.
Includes organic carbon in mineral and organic soils (including peat) to a specified
depth chosen by the country and applied consistently through the time series. Live
fine roots (of less than the suggested diameter limit for belowground biomass) are
included with soil organic matter where they cannot be distinguished from it
empirically.

Land-cover category

Description1

Area

Source

(ha)
Dry heath

At least 10% young Calluna vulgaris and 20-50% maturing/old heather;

822.21

six sub-community types defined by a soil moisture/nutrient gradient
Humid heath

At least 10% young Calluna vulgaris and 20-50% maturing/old heather;

Partnership, 2000)
5061.34

six sub-community types defined by a soil moisture/nutrient gradient
Wet heath

Occurs on nutrient-poor soils or very shallow peats that are at least

LIFE Vegetation Map (LIFE
LIFE Vegetation Map (LIFE
Partnership, 2000)

1704.21

seasonally waterlogged but may be dry on the surface during the summer;

LIFE Vegetation Map (LIFE
Partnership, 2000)

profoundly influenced by burning and grazing
Parched acid grassland

Dominated by fine-leaved grasses with a high cover of mosses and lichens

909.44

in an open sward, which becomes parched and brown in late summer;
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Table 7.2: Details of each of the land-cover categories within the New Forest perambulation surveyed as part of the carbon stock assessment and the
data sources from which they were identified.

LIFE Vegetation Map (LIFE
Partnership, 2000)

stands may be species-rich and Rumex acetosella and Aira praecox are
characteristic
Humid acid grassland

Dominated by Agrostis curtisii and Molinia caerulea, generally

1217.14

species-poor and grades into dry heath as heather cover increases
Wet lawn

Plant communities confined to impermeable or slowly permeable clays, or

LIFE Vegetation Map (LIFE
Partnership, 2000)

880.91

permeable soils affected by high ground water levels; tightly grazed swards

LIFE Vegetation Map (LIFE
Partnership, 2000)

characterised by Agrostis canina and sedges and species typical of wet acid
grasslands
Mire

A combination of bog and fen

1544.19

LIFE Vegetation Map (LIFE
Partnership, 2000)
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Land-cover category

Description1

Area
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Table 7.2: Details of each of the land-cover categories within the New Forest perambulation surveyed as part of the carbon stock assessment and the
data sources from which they were identified.

Source

(ha)
A&O Woodland ST1

Originating pre-1625; Quercus >5.2 m gbh

224.73

Flower and Tubbs (1982)

A&O Woodland ST2

Originating 1625-1700; Quercus 4.0-5.2 m, Fagus >4.8 m gbh

1114.50

Flower and Tubbs (1982)

A&O Woodland ST3

Originating 1700-1775; Quercus 3.0-3.9 m, Fagus 3.7-4.8 m gbh

1304.62

Flower and Tubbs (1982)

A&O Woodland ST4

Originating 1775-1850; Quercus 2.0-2.9 m, Fagus 2.4-3.6 m gbh

390.24

Flower and Tubbs (1982)

A&O Woodland ST5

Originating post-1850; Quercus <2.0 m, Fagus <2.4 m gbh

31.18

Flower and Tubbs (1982)

Pinus sylvestris

Encl and unencl. Pinus sylvestris

381.32

LIFE Vegetation Map (LIFE
Partnership, 2000)

Riverine woodland

Occasional to abundant Alnus glutinosa and frequent Fraxinus excelsior on

100.18

mineral or peaty soils along water courses
Woodland communities on peat with a significant component of bog

Partnership, 2000)
171.49

species in the ground flora; includes Alnus glutinosa and Salix carr
Encl. broad. woodland

Various broadleaved tree species

3156.25

FC Stock Map 2013 (Forestry
Commission, 2013b)

Encl. conif. woodland

Various coniferous tree species

3395.06

FC Stock Map 2013 (Forestry
Commission, 2013b)

1

2

Descriptions of heathland, grassland and mire vegetation categories from New Forest LIFE Partnership (2001), Forestry Commission (2008b) and Forestry Commission
(2008c)
Present day spatial extent within the New Forest perambulation after accounting for areas of overlap between categories, e.g in the case of the woodland categories, those
areas not covered by the A&O woodlands layer were covered by the LIFE vegetation layer and then by the enclosed woodlands layer
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Bog woodland/Carr

LIFE Vegetation Map (LIFE

A&O ST1-5
Riverine woodland
Bog woodland/Carr
Encl. and unencl.
broadleaved woodland
Pinus sylvestris
Dry, humid, wet heath
Parched and humid acid
grassland and wet lawn
Mire

Land cover categories
A&O ST1-5
Broadleaved, mixed and yew woodland,
bog woodland and riverine woodland
Encl. broadleaved woodland
Encl. and unencl. coniferous
woodland, incl. P. sylvestris
Dry, humid and wet heath
Parched and humid acid
grassland and wet lawn
Valley mire and fens
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Study sites

NFNP boundary
1964 perambula on

Figure 7.1: Spatial distribution of the 36 field sites for the estimation of carbon stocks in non-tree vegetation, litter and soils within the New Forest
perambulation. The points represent the approximate midpoint of the study site.
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Indicated in white: areas not deemed to be significant pools of carbon, i.e., ponds, car parks, saline lagoons, coastal sand dunes, intertidal mudflats; areas for which
sufficiently detailed land-cover information was not available, i.e., cleared Pinus sylvestris and some open land within the Inclosures; vegetation types not sampled
during the fieldwork, e.g. Pteridium aquilinum (bracken), Ulex spp. (gorse), reedbeds; urban and suburban land.

128

7.2.1

Chapter 7 : Carbon in the New Forest

Non-tree vegetation, litter and soil sampling

The fieldwork involved the collection of aboveground non-tree vegetation, litter and soil
samples for carbon content estimation in each of the 36 sites. The estimation of the tree
carbon stock was carried out using secondary data as described in Section 7.2.3. Within
each study site, eight points were randomly chosen using the ‘create random points’ tool
in ArcMap 10.2 (ESRI, 2013). At each point, herbaceous and small woody vegetation and
litter were sampled. At two of the eight points, soil was also sampled. The soil sampling
points were the two most distant points, by request of the Forestry Commission, to avoid
disturbing the soil at locations in close proximity to one another. The field methodology
used is a modified version of the herbaceous vegetation, litter and soil sampling
methodologies outlined in the following documents: “A Guide to Monitoring Carbon
Storage in Forestry and Agroforestry Projects” (MacDicken, 1997) and “Standard
Operating Procedures for Terrestrial Carbon Measurement” (Walker et al., 2012).
At each of the eight randomly selected points, a 50x50 cm (0.25 m2 ) quadrat was placed.
Within this subplot, all non-woody vegetation and small woody vegetation of less than 2
cm dbh (diameter at breast height at 1.3 m) (excluding tree seedlings and saplings) was
clipped in a vertical column extending upwards from the sampling frame. Plant tissues
originating outside of the quadrat but falling within it were recovered, and plant tissues
originating within the quadrat but grown beyond it were discarded, so that samples
represented the biomass within the frame’s area. Figure 7.2 depicts typical grassland,
heathland and mire sampling points before and after vegetation collection, and a typical
woodland sampling point before and after vegetation and litter collection. All clipped
vegetation was placed in a sample bag, sealed and later weighed in the laboratory to
obtain the total fresh weight for the sample. Where litter was present (generally only in
the woodland sites), the same procedure was followed once all of the vegetation had been
removed. The litter removed consisted of the L and H horizons - the L horizon is the
fresh litter deposited during the annual cycle, and the F horizon is the partly
decomposed or comminuted litter from previous years (Hodgson, 1997). These were
sampled separately where possible.
At each of the soil sampling points, once all non-tree vegetation and litter had been
removed, a vertical pit was dug to expose the soil profile down to the maximum possible
depth, generally until gravel/hard substrate was reached - this was typically between 10
and 30 cm. It was ensured that the wall of the pit that received the most sunlight was
perpendicular to the soil surface. The vertical face of the soil profile was photographed
and the depth, colour and texture of each of the soil horizons was noted. Following this,
a slice of the entire soil column was removed for subsequent carbon content analysis.
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Grassland

Heathland

Mire

Woodland

Figure 7.2: Before (left) and after (right) images of non-tree vegetation and litter
sampling points in a typical grassland, heathland, mire and woodland plot.
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Laboratory analysis

Immediately following fieldwork, the vegetation samples were left to air-dry and soil
samples were frozen for later analysis. Once air-dried, the samples were weighed and two
mixed, homogenised sub-samples from each sample were milled to a coarse powder in a
Retsch cyclone mill. Each of these vegetation sub-samples was weighed, freeze-dried for
24 hours and then weighed again to obtain the wet-dry ratio. The mean ratio for each
sample was then used to calculate the total dry weight of that sample. The mean dry
weight of the samples was calculated for each site, to determine the average herbaceous
vegetation dry weight per 50x50 cm area. This value was then multiplied by 40,000 to
estimate the herbaceous vegetation dry weight per ha. The same procedure was followed
for the litter samples. The organic matter content of the freeze-dried vegetation and
litter samples was measured via loss-on-ignition (LOI). Samples were placed in a furnace
at 550 ◦ C for 2 hours and then re-weighed. The organic matter content was calculated
according to equation 7.1. The percentage carbon content was estimated by multiplying
the organic matter content by 0.4, and the total carbon content per ha by mutiplying the
percentage carbon content by the vegetation and litter dry weight per hectare. Total
carbon content values for vegetation and litter in tC ha-1 for each study site were
estimated as the average carbon content per area over the 8 points sampled in the site.
The total carbon stored in the living non-tree biomass is the sum of the products of the
area and the per hectare carbon content for each land-cover type.


Organic content of sample (%) =


dry sample wt − post − 550 ◦ C burn wt
∗ 100
dry sample wt
(7.1)

Soil samples were sub-sampled at each horizon or, where horizons were not
distinguishable, at regular depth intervals (typically 2 cm), and the volume and wet
weight of each sub-sample recorded. Depending on the amount of material available,
between 1 and 4 sub-samples were taken at each depth. Sub-samples were then
freeze-dried for 48 hours and re-weighed. Mean grams of dry soil per cm3 for each soil
horizon/depth were calculated from the volume and dry weight measurements. The
organic matter and carbon content of the soil samples was also measured using LOI.
Carbon content values for soil in kgC m-3 were calculated at each depth as the average of
all values for that depth. A total carbon stock value (tC ha-1 ) for the top 15 cm of soil
for each land-cover type was obtained by estimating the carbon content for each sampled
horizon/depth separately and then summing them. The total carbon stored in the soils
is the sum of the products of the area and the per hectare carbon content for each
land-cover type.
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Tree carbon content

Estimation of the carbon contained in the tree fraction - above and belowground living
biomass - was obtained using woodland survey data gathered by Prof. Adrian Newton
and his team at Bournemouth University, UK. These data derive from 50x50 m plots in
171 study sites surveyed between 2005 and 2007. In each of these plots, the number of
seedlings and saplings of each species, and the species and dbh of each tree were
recorded. The distribution of these plots in relation to the land-cover categories present
within the perambulation, and their exact distribution among each of the woodland
categories surveyed for non-tree vegetation, litter and soil, is detailed in Figure 7.3 and
Table 7.3. 136 of these plots fall within the ten woodland categories sampled by the
author for non-tree vegetation, litter and soil. The remaining 35 plots fall within the
‘broadleaved, mixed, and yew woodland’ category of the 2013 BAP Broad Habitats map
(Hampshire Biodiversity Information Centre Partnership, 2013). Where a stand was
mixed, it was classified as either broadleaved or coniferous based on which functional
group had the highest proportion of trees. For those plots that also contained a large
amount of open land, the total tree carbon stock value is adjusted to obtain the actual
tree carbon stock per hectare.
The tree survey data were used together with the procedure outlined in the FC
Woodland Carbon Code: Carbon Assessment Protocol (Jenkins et al., 2011), to
determine the total carbon content in each of the 171 50x50 m plots. This methodology
uses species-specific allometric equations based on tree dbh and height to estimate
seedling (a living stem less than 50 cm tall), sapling (a living stem greater than 50 cm
tall and with a dbh less than 10 cm), and tree (a living stem with a dbh of greater than
10 cm) stem, crown and root biomass for each species separately within a plot1 . Method
D based on top height of the Protocol was used, as this is appropriate for plots where the
accurate measurement of sample height trees is difficult to achieve. It was used in this
study as no tree height measurements were recorded during the Newton survey. In lieu of
actual measurements, the typical maximum tree height for each species derived from the
Ecological Flora Database (Fitter and Peat, 1994) was used as the top height.
The total carbon content of all trees in the plot is equal to the sum of the biomass for all
species multiplied by the carbon fraction (0.4). Some slight modifications of the
methodology were necessary, due primarily to the lack of tree height data - these are
detailed in Appendix D, Section D.1. For each of the woodland categories detailed in
Table 7.3, the mean per area carbon content (tC ha-1 ) was calculated. The total carbon
stored in the living tree biomass is the sum of the products of the area and the per
hectare carbon content for each woodland type.

1

It should be noted that the Carbon Assessment Protocol defines saplings as living stems with a dbh of
less than 7 cm and trees as living stems with a dbh of greater than 7 cm. However in the Newton survey
the threshold value was 10 cm
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Woodland categories
A&O ST1-5
Broadleaved, mixed and yew woodland,
bog woodland and riverine woodland
Encl. broadleaved woodland
Encl. and unencl. coniferous
woodland, incl. Pinus sylvestris
A. Newton plots within carbon survey sites
A. Newton plots outside carbon survey sites
NFNP boundary
1964 perambula on
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Figure 7.3: Location of the 171 50x50 m woodland survey plots used for above and belowground living woody biomass estimation.
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Table 7.3: The distribution of the 171 50x50 m survey plots for tree biomass estimation
in relation to the land-cover types surveyed by the author for non-tree vegetation, litter
and soil.

Woodland Category
A&O Woodland ST1
A&O Woodland ST2
A&O Woodland ST3
A&O Woodland ST4
A&O Woodland ST5
Pinus sylvestris
Riverine woodland
Bog woodland/Carr
Encl. broadleaved woodland
Encl. coniferous woodland
Broadleaved, mixed, and yew woodland1
Total
1

No. of plots
4
16
17
3
2
6
1
0
43
44
35
171

The ‘broadleaved, mixed, and yew woodland’ category consists of non-ancient broadleaved woodlands
on the Open Forest
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Historic land-use and carbon storage

Estimates of past carbon storage within the New Forest perambulation are calculated
based on historic land-cover patterns, estimated from the historic maps and the
pollen-based REVEALS estimates. The present-day carbon stock estimates for
vegetation/litter and soil for each land-cover type were mapped onto past land-cover
patterns to obtain total carbon stocks in tC ha-1 . This approach does not consider
carbon sequestration rates in the carbon pools included in the analysis, but rather
represents a ‘snapshot’ or static estimate of total carbon storage for each of the time
points examined. It assumes that at each of these time points, the particular land-cover
category has reached its carbon content saturation point. Total carbon stock estimates
were calculated for the 1789 and 1933-43 time points based on the land-cover maps
produced in Chapter 4. For the c. 1789 (pre-Inclosure) map, the woodlands cover a total
of 7,962 ha, which are assumed to be entirely composed of ancient broadleaved
woodland. These are assigned the mean per hectare carbon content values for the
present-day A&O woodlands of 233.42 and 66.15 tC ha-1 for vegetation/litter and soil
respectively. The area of mire and fen, marsh, swamp is assumed to be the same as the
present day and so remains at 1886.10 ha, with the same carbon content values of 6.68
and 74 tC ha-1 for vegetation and soil respectively. No estimates are available for
urban/suburban land but this is assumed to be equal to the area of the encroachments
(344 ha), and has a total carbon content value of zero. The remaining area is composed
mainly of heathland and grassland, and is assigned mean carbon content values for the
three grassland and three heathland categories surveyed of 2.55 and 97.99 tC ha-1 for
vegetation and soils respectively.
For the 1933-43 map, it was not possible to distinguish between deciduous and coniferous
stands in the 11,753 ha of woodland. However, Tubbs (2001) estimates that during the
1921-40 period, the woodlands within the Statutory Inclosures were approximately 20%
broadleaves and 80% conifers. These are assigned the per hectare carbon value for
plantation woodland reported in Broadmeadow and Matthews (2003) of 100 tC ha-1 , and
the mean soil carbon values from the present study for enclosed broadleaved and
coniferous woodland of 58.8 and 70.9 tC ha-1 . It is assumed the ancient Quercus and
Fagus woodlands in existence today were present in 1933-43 and are assigned mean
values for the present-day A&O woodlands of 233.42 and 66.15 tC ha-1 for
vegetation/litter and soils respectively. The remaining unenclosed woodlands are
assumed to be younger broadleaved stands and are assigned the same values as the
enclosed broadleaved woodlands. As per the 1789 map, the area of mires and their per
hectare carbon content is assumed to be equal to that of the present day. The
meadowland and permanent grass category is assigned the mean present-day values for
all grassland categories of 0.8 and 92.01 tC ha-1 for vegetation and soils respectively. The
area of the mires is subtracted from the heath and moorland category, and the remaining
land is assigned the mean present-day values for all heathland categories of 4.31 and
103.96 tC ha-1 for vegetation and soils. The arable land category is assigned the
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present-day values of 2.36 and 43 tC ha-1 for vegetation and soils. The remaining
land-cover categories have a carbon content value of zero.
In relation to the REVEALS scenario 2 outputs, carbon stocks are estimated for the four
time windows covering the AD1927-2002 period. Stocks for the pre-AD1927 period were
not estimated, as for earlier REVEALS time windows the vegetation reconstructions are
largely based on pollen records from a single site, and are therefore likely to be
representative of a more local vegetation signal. Although some REVEALS taxa are also
found on the mires (e.g. Poaceae, categorised as grassland), it is assumed here that the
present-day per hectare carbon stock values for the broadleaved woodland, coniferous
woodland, heathland and grassland categories are applicable. Using this approach, it was
possible to reconstruct only approximate carbon trends for the New Forest region, rather
than total carbon stocks relevant to the area within the perambulation.

7.3
7.3.1

Results
Present-day carbon stocks: vegetation, litter and soils

Per area carbon content estimates for aboveground non-woody living biomass and litter,
for each of the land-cover types surveyed by the author (dry heath, humid heath, wet
heath, parched acid grassland, humid acid grassland, wet lawn, mire, A&O ST1-5, bog
woodland, Pinus sylvestris woodland, enclosed broadleaved woodland and enclosed
coniferous woodland), are detailed in Figures 7.4-7.5. Per area carbon content estimates
for above and belowground woody living biomass for each of the ten woodland categories
surveyed, as well as the unenclosed ‘broadleaved woodland’ category recorded in the
Newton survey, are detailed in Figure 7.6. For this last category, the mean of the
non-tree vegetation and litter carbon stock values for the five A&O woodland sites and
the enclosed broadleaved woodland sites were used. In Table 7.4, the mean value for each
of these carbon pools and for each land-cover category is presented. For the non-tree
vegetation and litter biomass, the mean value is the mean carbon estimate for all points
sampled for each land-cover category, and for the tree biomass the mean value is the
mean carbon estimate for all sites sampled in each woodland category. Additionally, this
table includes estimates for those land-cover types not explicitly surveyed either by the
author or by the Newton team, but which are derived from the estimates available.
These include areas not mapped by any of the sources used to identify the field sites, i.e.,
the Flower and Tubbs (1982) A&O woodlands map, the Forestry Commission stock map
or the LIFE vegetation map. These additional areas were identified and classified using
the BAP Broad Habitats map which covers the entire area within the perambulation.
Highest per area non-tree vegetation carbon is found in the dry heath and mire habitats
with a mean of 6.08 and 6.68 tC ha-1 respectively, whilst the lowest occurs in the
grassland habitats which range between 0.51 and 1.36 tC ha-1 . In general, the biomass of
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non-tree vegetation in the woodland habitats is negligable, contributing only 0.04-0.4 tC
ha-1 . The carbon content of the litter fraction in the woodland land-cover categories
ranges from 5.95 tC ha-1 in Pinus sylvestris stands to just 0.28 tC ha-1 in bog
woodland/carr habitats, with most broadleaved sites containing between approximately
3 and 4.5 tC ha-1 in the litter pool.
The tree carbon stock dwarfs that of the non-tree vegetation and litter. Overall, values
are slightly higher in the broadleaved woodlands, and in particular in the A&O
woodlands, where the highest per hectare carbon content is found in the A&O ST3
woodlands, with a value of 252.81 tC. The values for the other A&O woodlands are
between 196.56 tC ha-1 for the oldest stands, A&O ST1, to 237.64 tC ha-1 for the
youngest, A&O ST5. The relatively low value for the ST1 woodlands, despite the fact
that they contain the largest trees, may be explained by the more open nature of these
stands as a result of the death of veteran and ancient trees. The coniferous woodlands
and Pinus sylvestris stands contain between 181.65 and 219.99 tC ha-1 , whilst the
riverine woodlands have the lowest value at 116.29 tC ha-1 , although this value is based
on a single surveyed plot.
Per volume organic carbon content values for soil by depth are presented in Figures
7.7-7.9. Per area soil carbon stocks for each land-cover type within the perambulation
were estimated for the top 15 cm of soil. The top 15 cm was chosen as although carbon
content values are available for many of the points sampled below 15 cm, this was not
the case for all. The lack of values below this depth for some of the points is due
primarily to gravel/hard substrate being encountered when digging the soil pit. Figure
7.10 depicts the tC ha-1 for each of the land-cover types sampled.
Figures 7.11 - 7.13 depict the spatial distribution of carbon for vegetation/litter
(aboveground living non-tree biomass, above and belowground living tree biomass and
litter) and soil within the New Forest perambulation and a 100x100 km region
surrounding the Park. The regional map is based on the 2007 Land Cover Map
(LCM2007) (Morton et al., 2011), and uses the mean tC ha-1 values reported in Tables
7.4 and 7.5 as follows: LCM2007 land-cover class ‘broadleaved, mixed and yew
woodland’ uses the mean values for the A&O ST1-5, enclosed broadleaved woodland and
unenclosed broadleaved woodland categories; LCM2007 land-cover class ‘coniferous
woodland’ uses the mean values for the enclosed coniferous woodlands, Pinus sylvestris
and other unenclosed coniferous woodland categories; LCM2007 land-cover classes ‘rough
grassland’, ‘neutral grassland’, ‘calcareous grassland’ and ‘acid grassland’ use the mean
values for the parched acid grassland, humid acid grassland and wet lawn categories;
LCM2007 land-cover class ‘dwarf shrub heath’ uses the mean values for the dry heath,
humid heath and wet heath categories; LCM2007 land-cover classes ‘fen, marsh and
swamp’ and ‘bog’ use the values for the mire category. There are no carbon content
values for the LCM2007 classes ‘montane habitats’, ‘inland rock’, ‘salt water’,
‘freshwater’, ‘supra-littoral rock’, ‘supra-littoral sediment’, ‘littoral rock’, ‘littoral
sediment’, ‘saltmarsh’, ‘built-up areas and gardens’ and the ‘arable and horticulture’
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sub-class ‘arable bare’ - these are classified as ‘other’ and assumed to have zero carbon
content.
Per hectare soil carbon content values are highest overall for the heathland and grassland
categories, with values ranging from 76.1 for wet lawn to 113.2 tC for humid heath.
Values were also relatively high for soils under Pinus sylvestris, riverine woodland and
bog woodland stands. The lowest values were generally found in the broadleaved
woodlands, with a mean carbon content for ancient woodland soils of 66.2 tC ha-1 and
58.5 for younger enclosed broadleaved stands. In the case of the valley mires, the value
in Table 7.5 is taken from Countryside Survey (2007). As the top 15 cm represents only
a small proportion of the total carbon stored in peats, the soil and total carbon maps in
Figure 7.12 and Figure 7.13 indicate the location of the high carbon mires in dark blue.
The total vegetation/litter and soil carbon stock for the area within the perambulation is
6.25 million tC. Figures 7.11 - 7.13 show that the New Forest generally represents an
area of high carbon content when compared with the surrounding area, particularly
when the mires are taken into account. The carbon stock estimates obtained are
compared to those from other studies - see Table 7.6.
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Figure 7.4: Carbon stock estimates in tC ha-1 for (top) non-tree vegetation and (bottom) litter for each site surveyed.
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Figure 7.5: Carbon stock estimates in tC ha-1 for non-tree vegetation and litter combined for each site surveyed.
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Figure 7.6: Carbon stock estimates in tC ha-1 for above and belowground living tree
biomass for each of the ten woodland categories surveyed by the author, and the additional unenclosed broadleaved woodland category also included in the Newton survey.
‘SP’ = Pinus sylvestris (Scots pine)

LC Type

Mean C content (tC ha-1 )

Area (ha)

Total C content (tC)

Non-tree veg.

Litter

Trees

A&O woodland ST1

0.14

4.26

196.56

224.73

45,161.74

A&O woodland ST2

0.08

3.72

226.99

1,114.50

257,215.46

A&O woodland ST3

0.13

4.03

252.81

1,304.62

335,248.20

A&O woodland ST4

0.04

4.67

232.73

390.24

92,658.59

A&O woodland ST5

0.29

3.12

237.64

31.18

7,515.94

Encl. broadleaved woodland

0.15

4.71

226.35

3,156.25

729,756.56

Encl. coniferous woodland

0.37

3.28

219.99

3,395.06

759,271.22

Riverine woodland

0.16

1.96

116.29

100.18

11,862.31

0.24

0.28

116.29

171.49

20,031.75

Pinus sylvestris

0.40

5.95

181.65

381.32

71,688.16

Dry heath

6.05

0

0

822.21

4,974.37

Humid heath

2.77

0

0

5,061.34

14,019.91

4.10

0

0

1,704.21

6,987.26

0.51

0

0

909.44

463.81

Humid acid grassland

1.36

0

0

1,217.14

1,655.31

Wet lawn

0.53

0

0

880.91

466.88

Mire3

Bog

woodland/Carr1

Wet heath
Parched acid

grassland2

0

0

1,886.10

12,599.15

Other

0.8

0

0

1,207.62

966.09

Other

heathland5

4.31

0

0

1,722.30

7,423.11

0.14

4.01

234.34

3,567.54

850,822.61

Broadleaved, mixed, and yew
woodland6
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Table 7.4: Mean carbon stock estimates and total carbon content by land-cover type. It should be noted that some of these areas also include
Pteridium aquilinum and Ulex spp. to varying degrees, which have not been accounted for.

LC Type

Mean C content (tC ha-1 )

Other unencl. conif. woodland7
Arable and

Total C content (tC)

Non-tree veg.

Litter

Trees

0.39

4.62

200.82

1,081.46

222,596.91

2.36

-

-

4,676.33

11,036.14

n/a9

-

-

-

2,395.53

-

Total within NF perambulation

-

-

-

37,401.73

3,464,421.48

1

2
3

4

6

7

8

9

As none of the plots in the Newton survey fell within the Bog woodland/Carr category, the mean carbon content per hectare value for the riverine woodland
category was used for this woodland type
The ‘parched acid grassland’ category also includes 2.44 ha of ‘partially improved grassland’ from the LIFE vegetation map
The ‘mire’ category includes 1,544 ha of valley mire included in the LIFE vegetation map and 315 ha of ‘fen, marsh, swamp’ included in the BAP Broad
Habitats map
The ‘other grassland’ category includes ‘acid grassland’ and ‘neutral grassland’ from the BAP Broad Habitats map. The per hectare carbon stock value for
this category is the mean value for the ‘parched acid grassland’, ‘humid acid grassland’ and ‘wet lawn’ categories
The ‘other heathland’ category includes ‘dwarf shrub heath’ from the BAP Broad Habitats map. The per hectare carbon stock value for this category is the
mean value for the ‘dry heath’, ‘humid heath’ and ‘wet heath’ categories
Per hectare carbon stock values for aboveground non-tree vegetation and litter for the broadleaved, mixed, and yew woodland category, included in the Newton
survey but not sampled by the author, are the mean of the values for the five A&O woodland categories and the enclosed broadleaved woodland category
Per hectare carbon stock values for aboveground non-tree vegetation and litter for the other unenclosed coniferous woodland category, included in the Newton
Survey but not sampled by the author, are the mean of the values for the enclosed coniferous woodland and Pinus sylvestris categories
Land falling into the ‘arable and horticulture’ category was not included in the study and so the vegetation carbon stock estimate for this category has been
obtained from Cantarello et al. (2011). This category also includes 3,099.6 ha of improved grassland
The ‘n/a’ category includes the following BAP Broad Habitats for which no carbon stock values were estimated: ‘boundary and linear features’, ‘bracken’,
‘built-up areas and gardens’, ‘inland rock’, ‘inshore sublittoral sediment’, ‘littoral rock’, ‘littoral sediment’, ‘rivers and streams’, ‘standing open water and
canals’, ‘supralittoral sediment’, ‘unidentified habitat’ and ‘unidentified water’ - these are classified as ‘other’ and assumed to have zero carbon content.
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Table 7.4: Mean carbon stock estimates and total carbon content by land-cover type. It should be noted that some of these areas also include
Pteridium aquilinum and Ulex spp. to varying degrees, which have not been accounted for.
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Figure 7.7: Carbon stock estimates in kgC m-3 for the A&O woodlands, riverine woodland and bog woodland.
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Figure 7.8: Carbon stock estimates in kgC m-3 for deciduous and coniferous Inclosure woodland and Pinus sylvestris woodland. For sample 7b/7,
the top 2 cm were not analysed for carbon content as this portion of the soil column disintegrated upon collection. Therefore, to calculate the total
carbon stock in the top 15 cm, the carbon content value for the 2-3 cm sub-sample was used for the 0-2 cm sub-sample.
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Figure 7.9: Carbon stock estimates in kgC m-3 for dry, humid and wet heathland and parched acid, humid acid and wet grassland.
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Figure 7.10: Carbon stock estimates in tC ha-1 in the top 15 cm of soil for all land-cover
types.

LC Type

Mean C content (tC ha-1 )

Area (ha)

Total C content (tC)

A&O woodland

66.15

3,065.27

202,767.61

Encl. broadleaved woodland

58.50

3,156.25

184,640.63

Encl. coniferous woodland

70.89

3,395.06

240,675.80

Riverine woodland

75.64

100.18

7,577.62

Bog woodland/Carr

93.70

171.49

16,068.61

Pinus sylvestris

90.54

381.32

34,524.71

Dry heath

101.01

822.21

83,051.43

Humid heath

113.21

5,061.34

572,994.30

97.66

1,704.21

166,433.15

101.52

909.44

92,326.35

Humid acid grassland

98.42

1,217.14

119,790.92

Wet lawn

76.10

880.91

67,037.25

Wet heath
Parched acid

grassland1

Mire2

74

1,886.10

139,571.40

Other

grassland3

92.01

1,207.62

111,113.12

Other

heathland4

103.96

1,722.30

179,050.31

64.24

3,567.54

229,178.77

80.72

1,081.46

87,295.45

Broadleaved, mixed, and yew woodland5
Other unencl. coniferous

woodland6
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Table 7.5: Mean organic carbon content estimates (tC ha-1 ) and total carbon content for the top 15 cm of soil for each of the land-cover types
examined in the study.
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LC Type
Arable and horticulture7
n/a8
Total within NF perambulation
1
2

3
4
5

6

8

Area (ha)

Total C content (tC)

43/59

4,676.33

250,375.33

-

2,395.53

-

37,401.73

2,784,472.76

See footnote 2 from Table 7.4
See footnote 3 from Table 7.4 This land-cover type was not included in the field study and so the carbon content value is derived from Countryside Survey (2007)
and refers to the 0-15 cm horizon.
See footnote 4 from Table 7.4
See footnote 5 from Table 7.4
Per hectare carbon stock values for the broadleaved, mixed, and yew woodland category, included in the Newton survey but not sampled by the author, are the
mean of the values for the A&O woodland categories and the enclosed broadleaved woodland category
Per hectare carbon stock values for the other unenclosed coniferous woodland category, included in the Newton Survey but not sampled by the author, are the
mean of the values for the enclosed coniferous woodland and Pinus sylvestris categories
Land falling into the ‘arable and horticulture’ category was not included in the study and so the soil carbon stock estimate for this category has been obtained
from Countryside Survey (2007) and refers to the 0-15 cm horizon. This category also includes 3,099.6 ha of improved grassland. The 1,577 ha of arable land have
a per hectare carbon content of 43 tC and the 3,100 ha of improved grassland have a per hectare carbon content of 59 tC.
See footnote 9 from Table 7.4
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Mean C content (tC ha-1 )
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Table 7.5: Mean organic carbon content estimates (tC ha-1 ) and total carbon content for the top 15 cm of soil for each of the land-cover types
examined in the study.
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7‐118
118‐206
206‐257
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Veg/litter carbon (tC ha-1)

Figure 7.11: The spatial distribution of carbon stocks in the vegetation/litter within the New Forest perambulation (left) and the surrounding region
(right). Carbon content is expressed in tC ha-1 .
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Soil carbon (tC ha-1)
0‐59
59‐66
66‐81
81‐104
104‐113
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Figure 7.12: The spatial distribution of carbon stocks in the soil within the New Forest perambulation (left) and the surrounding region (right).
Carbon content is expressed in tC ha-1 and refers to the top 15 cm. The mires are represented in dark blue.

0‐81
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116‐210
210‐307
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Total carbon (tC ha-1)

Figure 7.13: The spatial distribution of total carbon stocks in the vegetation/litter and soil within the New Forest perambulation (left) and the
surrounding region (right). Carbon content is expressed in tC ha-1 and for soil refers to the top 15 cm. The mires are represented in dark blue.
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Comparison with other carbon stock studies

Table 7.6 details the range of carbon content values (tC ha-1 ) for the broadleaved
woodland, coniferous woodland, heathland, grassland and mire land-cover types
estimated in the present study and some values for comparable land-cover types from the
literature.
In relation to the soils, the values obtained in this study are quite similar to those from
Countryside Survey (2007). Similarly, the values for heathland, grassland and mire
vegetation fall within the range of values obtained by Milne and Brown (1997) and
Cantarello et al. (2011). However, for broadleaved and coniferous woodland, the values
cited by Cannell and Milne (1995), Cantarello et al. (2011) and Alonso et al. (2012) are
significantly lower than those estimated in the present study. The 200 tC ha-1 value for
old-growth woodlands reported by Broadmeadow and Matthews (2003), and the 218.2
tC ha-1 value cited by Alonso et al. (2012) for unmanaged nature reserves, fall within the
range estimated in this study for the A&O woodlands. Cannell and Milne (1995) and
Broadmeadow and Matthews (2003) state that old-growth woodlands generally contain
more carbon than plantations, with the latter stating that plantations managed for
timber production typically contain only half the amount (i.e., 100 tC ha-1 ) of carbon
contained in old-growth woodland. However, in this study, per area carbon stock
estimates for the above and belowground living tree biomass do not differ greatly
between the conifer and broadleaved plantations and the A&O woodlands. This may be
due to overestimation of the carbon stock contained in the plantation trees, stemming
from the assumption that all trees of a particular species in a plot were of the same
height, i.e., the maximum typical height for that species as identified from the Ecological
Flora Database (Fitter and Peat, 1994). In reality, trees with a smaller dbh would also
have a lower height and thus a lower biomass. The same could be true of trees in the
A&O plots, although these tended to have fewer trees with a lower dbh and thus a higher
proportion of the tree stock likely to have a height approaching the typical maximum
height for that species. In the future, the tree carbon stock estimation would be improved
by classifying those trees with a dbh above 10 cm into strata based on height classes, as
suggested in the Carbon Assessment Protocol. This would allow separate carbon stock
estimates using the appropriate top height for each stratum. This was not done in the
present study due to a lack of data regarding the height of trees in the different strata.
An alternative and potentially more accurate depiction of the vegetation carbon stocks is
provided in Figure 7.14, which substitutes the values for above and belowground living
tree biomass obtained in this study with those reported by Broadmeadow and Matthews
(2003), of 100 tC ha-1 for both non-ancient broadleaved (enclosed broadleaved woodland,
and broadleaved, mixed and yew woodland) and all coniferous woodlands. The values for
ancient woodlands within the New Forest remain unchanged, and the 17,424 ha of
ancient semi-natural woodlands (as mapped by the Natural England Ancient Woodland
Inventory for England) outside of the perambulation are given the mean values for the
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A&O woodlands of 233.42 and 66.15 tC ha-1 for vegetation and soils respectively. The
total carbon content using the revised values is 4.77 million tonnes, compared to the 6.25
million tC reported previously. Figure 7.14 shows that although the carbon content is
lower within the New Forest as a result of the reduction in woodland vegetation carbon,
it nonetheless continues to have a relatively high overall carbon content when compared
to the surrounding region.

LC Type

Mean C content (tC ha-1 )

Mean C content (tC ha-1 )

Present study

Previous study

154

Table 7.6: Carbon stock estimates for aboveground living non-tree vegetation, above and belowground living tree vegetation and soils from the
present study and some comparable values from the literature.

Source

Vegetation1
Broadleaved woodland2

196.7-252.9

57.4-208 (mean = 111)

Cantarello et al. (2011)3

61.9

Cannell and Milne (1995)

200

Broadmeadow and Matthews (2003)

70

Alonso et al. (2012) (mean broadleaved, mixed and

218.2

yew woodland
Alonso et al. (2012) - adapted from Read et al.
(2009) (unmanaged forest nature reserve)

136.4

Alonso et al. (2012) - adapted from Read et al.

122.7

Alonso et al. (2012) - adapted from Read et al.
(2009) (combined objective forestry)

109.1

Alonso et al. (2012) - adapted from Read et al.
(2009) (intensive even-aged forestry)

54.5

Alonso et al. (2012) - adapted from Read et al.
(2009) (wood production biomass)

Coniferous

woodland4

182.1-220.4

26.7-95.8 (mean = 59.1)
21.1
70

Cantarello et al. (2011)
Cannell and Milne (1995)
Alonso et al. (2012) (conif. woodland)
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(2009) (close to nature forestry)

LC Type
Heathland

Mean C content (tC ha-1 )

Mean C content (tC ha-1 )

Present study

Previous study

2.8-6.1

2-17.5 (mean = 7.11)
2

Grassland

0.5-1.4

1-7 (mean = 3.1)
1

Source
Cantarello et al. (2011) (moors/heathland)
Milne and Brown (1997) (heathland)
Cantarello et al. (2011) (natural grassland/pastures)
Milne and Brown (1997) (pasture/unimproved
grass/mown or grazed turf/meadow or verge/grass
heath)

1.4-1.5
Mire

6.7

1.6-20 (mean = 7.2)
2

Davies et al. (2011) (grasses and non-woody plants)
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Table 7.6: Carbon stock estimates for aboveground living non-tree vegetation, above and belowground living tree vegetation and soils from the
present study and some comparable values from the literature.

Cantarello et al. (2011) (peat bogs)
Milne and Brown (1997) (rough grass or marsh/bog)

Soil
Broadleaved woodland

58.8-66.15

635

Countryside Survey (2007)

Coniferous woodland

70.89-90.54

705

Countryside Survey (2007)

Heathland

97.66-113.21

885

Countryside Survey (2007) (dwarf shrub heath)

76.1-101.52

60/875

Grassland
1
2
3
4
5

Countryside Survey (2007) (neutral/acid grassland)

Sum of the aboveground living non-tree biomass and above and belowground living tree biomass
Range of values includes the A&O ST1-5, enclosed broadleaved woodland, and broadleaved, mixed, and yew woodland
The values from Cantarello et al. (2011) represent a range of studies on carbon stocks from SW England, England, the UK, Europe and worldwide
Range of values includes enclosed coniferous woodland, Pinus sylvestris and other unenclosed coniferous woodland
Carbon content for 0-15 cm soil horizons
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Total carbon (tC ha-1)
0‐81
81‐116
116‐210
210‐307
307‐323
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Figure 7.14: The alternative spatial distribution of total carbon within the New Forest perambulation, using literature-derived carbon content values
for above and belowground living tree biomass. The alternative value for non-ancient broadleaved woodland and for coniferous woodland is 100 tC
ha-1 . The mires are represented in dark blue.
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1789-2013 carbon stocks: vegetation, litter and soils

The total present-day carbon stock for the New Forest lies between 4.77 and 6.25 million
tonnes. The carbon estimates from the historic maps can be compared more directly to
the 4.77 million tC value for the present-day, as they also use the revised value of 100 tC
ha-1 for the vegetation of the younger broadleaved and coniferous woodlands. Total
carbon stocks for each of the broad land-cover types based on the historic maps (c. 1789
and 1933-1943) and REVEALS (AD1852-1927, 1927-1952, 1952-1977, 1977-2002 time
windows) are shown in Figure 7.15.
For the 1789 map, the area within the NF perambulation contains a total of 5.27 million
tC - 2.35 in woodlands, 0.15 million in the mires, and the remaining 2.77 million tC in
the open habitats. As the areas of those habitats that are assumed to contain no carbon
(saltmarshes, sediments, urban areas etc.) or relatively low amounts of carbon (arable
land) are not known, this is likely to be a slight overestimate. The carbon values for the
1933-43 map may be more comparable with those of the present-day map, as it has more
detailed land-cover categories. The total carbon content for this time period is equal to
4.78 million tonnes. The decline in total carbon from 1789 to 1933-43 is due primarily to
the reduction in area of the ancient broadleaved woodlands, which led to a loss of
approximately 1.41 million tC. However, some of these losses were offset by increases in
the area of younger broadleaved and coniferous woodland on the Open Forest. The
decline is also due in part to the increase in arable land, which has a lower total carbon
content than the other land-cover types. This increase in arable land-cover may partially
reflect the lack of data on the area of arable land on the 1789 map rather than an actual
increase. The REVEALS-based outputs largely reflect those presented in the maps, with
an overall decrease in carbon stocks up to the mid-20th century due primarily to a
decline in the total area of ancient broadleaved woodland, followed by relative stability
in carbon stocks.

7.4

Main findings and conclusions

Overall, the per hectare carbon stock values obtained compare well with those from
previous studies, particularly in the case of soils and non-tree living biomass. The total
soil carbon stock is equal to 2.78 million tC, with just over a million tC contained in
heathland soils. These had some of the highest per hectare carbon content values,
although this figure does not take into account the large carbon store contained below 15
cm in the mires. Total vegetation and litter carbon stocks are 3.47 or 1.99 million
tonnes, depending on whether the original data or the 100 tC ha-1 value is used for
younger broadleaved and coniferous woodlands. The lower figure is likely to represent a
more accurate estimate of actual living tree carbon stocks. In either case, the woodlands
represent the most significant vegetation carbon store, and the present-day New Forest
landscape constitutes an area of relatively high carbon content when compared to the

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

1933-43

2013

REVEALS-based carbon stocks
Broadleaved woodland
Coniferous woodland
Heathland
Grassland

18521927

19271952

19521977

19772002

Time window
Figure 7.15: The spatial distribution of total carbon stocks (vegetation/litter and soils) within the New Forest for the c. 1789, 1933-43 and 2013
periods, based on land-cover maps. REVEALS-based total carbon stock estimates represent the approximate proportion of the total carbon stock
stored in each of the four broad land-cover types, i.e., broadleaved woodland, coniferous woodland, grassland and heathland, over the 1852-2002 period.
This approach assumes that these four land-cover categories cover the entire area within the NF perambulation, and that the total C stored during
the 1852-1927 time window represents maximum total carbon storage. All values for subsequent time windows are expressed relative to this maximum
value.
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surrounding region. Historic trends in carbon stocks show that there has been an overall
decline over the 1852-2013 period, due primarily to the large-scale loss of the ancient
broadleaved woodlands. These losses have been partially offset by the creation of the
plantation woodlands on previously non-wooded habitats, and the natural expansion of
woodlands on some areas of the Open Forest.
In examining the magnitude of carbon stocks at past time points, it is important to
remember that the values reported represent a single point in time, and do not reflect
the carbon dynamics that occur between these time points. As such, they can only
provide a partial perspective on how land management practices have influenced the
carbon sequestration and carbon storage capacity of the New Forest landscape. The
likely impacts of management practices on carbon stocks not revealed by land-cover
maps are discussed further in Section 9.2.2.

7.5

Methodological issues

Limitations of the analysis relate primarily to the over or underestimation of carbon
stocks, and the simplicity of the approach used to estimate historic carbon stocks and
changes in carbon stocks through time.
1) Over and underestimation of tree carbon stocks:
Several aspects of the methodology used are likely to have had an impact on the results
obtained. These impacts stem primarily from the tree height values employed, the
omission of the deadwood fraction of the carbon pool, and the dbh threshold used to
define trees, which have affected the per hectare estimates for above and belowground
living tree biomass. The use of a single height value (typical maximum height) for all
trees of a particular species/taxon within a plot, regardless of their dbh, has almost
certainly led to overestimation of per hectare carbon stock values, as described in Section
7.3.2. In reality, those trees with a smaller dbh will also have a lower height, and thus a
lower biomass and carbon content value. This overestimate is likely to be greatest for the
enclosed coniferous plantations as, from a visual check of the Newton survey data, the
plots in this woodland category appeared to have a relatively high proportion of trees
with a low dbh, compared to, e.g., the A&O woodland stands. However, carbon stock
values for certain components of the ancient broadleaved woodlands, e.g., the
understorey composed of Ilex and other small trees, was probably also overestimated. In
future work, more accurate values could be obtained using storey-based stratification of
the trees within each plot, where trees with a dbh > 10 cm are grouped into distinct
strata based on height, and the appropriate top height value for each stratum used in the
calculations, rather than a single top height value for the entire stand. Such values could
be obtained from, e.g., Evans et al. (2015), which provides dbh:height curves for Acer
campestre, A. pseudoplatanus, Betula spp., Corylus avellana, Crataegus monogyna, Fagus
sylvatica, Fraxinus excelsior and Quercus robur. For the remaining species/taxa, height
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data for trees of different dbh could be obtained from field measurements or, where
possible, from the existing literature.
In contrast, underestimation of carbon stock values may have occurred, due to the use of
a 10 cm rather than a 7 cm dbh threshold for the definition of trees (as opposed to
seedlings or saplings). The Carbon Assessment Protocol classifies all living stems with a
dbh of greater than 7 cm as trees, whereas in the Newton survey, the threshold used was
10 cm. This may have resulted in a slight underestimate of the total vegetation carbon
stock for woodlands, as individuals with a dbh of greater than 7 cm that would, under
the Carbon Assessment Protocol, be classified as trees, are instead considered saplings in
this study. As the seedling and sapling data recorded in the Newton survey did not
include dbh values, it is not possible to implement the 7 cm threshold. However, the low
biomass of trees with a dbh of less than 10 cm is such that their contribution to the total
carbon stock, and any underestimate resulting from the use of the 10 cm threshold, is
likely to be relatively small.
The omission of the deadwood fraction of the carbon pool has certainly led to an
underestimate of the total tree carbon stock. The Newton survey does contain some
information on standing and fallen dead trees within each plot, which could be used in
future work to obtain a carbon stock estimate for this pool. Hale (2015) obtained carbon
stock values for coarse woody debris (CWD) of 6.3 and 7.5 tC ha-1 for old-growth and
young-growth stands respectively, in Lady Park Wood, an ancient broadleaved
semi-natural woodland located in Monmouthshire and Gloucestershire, UK. CWD is
defined as “all dead logs, branches and trunks that are greater than 5 cm in diameter
(Hale, 2015, p. 21). These values are for c. present-day carbon stocks (2010 for
old-growth and 2002 for young-growth stands). Per hectare carbon stock values for the
above and belowground tree fraction in the New Forest A&O woodlands ranged from
196.6 to 252.8 tC. Therefore, although the deadwood fraction may represent a relatively
small proportion of the total woodland carbon stock, its estimation would nonetheless
provide a more complete value for this land-cover category.
2) Underestimation of non-tree vegetation and soil (peat) carbon stocks:
Due to time constraints, not all land-cover/vegetation types were surveyed. In
particular, no estimates were obtained for Pteridium aquilinum and Ulex spp., which are
likely to comprise a significant proportion of the non-tree vegetation carbon stock, for
urban/suburban land, or for the carbon content in the root fraction of non-tree biomass.
In the New Forest, Pteridium aquilinum and Ulex spp. cover approximately 1942.4 ha
within the NF perambulation, according to the LIFE Vegetation Map (LIFE
Partnership, 2000) - these areas were omitted from the present study. Future work
including these areas, as well as the Pteridium aquilinum and Ulex spp. present in other
land-cover categories such as heathland and grassland, would provide a more complete
carbon stock estimate.
In the case of urban/suburban land, a lack of specificity in distinguishing between
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buildings and green areas/urban trees within this land-cover type, e.g. in the BAP
Broad Habitats map they are combined into a single ‘built-up areas and gardens’
category, also made it difficult to assign carbon content values. In contrast to the
frequent assumption that these areas store zero carbon, they have been shown to contain
significant amounts of carbon, e.g. Davies et al. (2011) and Edmondson et al. (2012) the latter reports a value of 176 tC ha-1 across the entire city of Leicester, UK
(residential and non-residential land), for vegetation and soils (top 100 cm). Given that
there are 1,057 ha of ‘built-up areas and gardens’ within the New Forest, the assumption
of 0 tC ha-1 for this category has resulted in an underestimate of total carbon stocks.
Future work should include a more extensive literature search of soil and vegetation
carbon stock values for urban and suburban areas, and the calculation of carbon stocks
for these areas of the New Forest.
Although an important store of carbon, the peat carbon content of the valley mires was
not estimated during the field study. For this carbon pool, substitute values were
obtained from the literature for the top 15 cm of peat, and on the carbon stock maps
they were highlighted to indicate their density within the New Forest compared with the
surrounding region. The lack of a carbon stock estimate below 15 cm, either derived
from the literature or from empirical analysis, is likely to have led to a significant
underestimate of the total soil carbon stock, given the relatively large area occupied by
mires within the New Forest perambulation (1,886 ha), and the typically high carbon
content of peat bogs, as detailed in Section 7.1.1.
3) Limitations of historic carbon stock estimation:
In the estimation of trends in carbon stocks through time based on past land-cover
patterns, there was a lack of detail and accuracy regarding land-cover in the historic
maps relative to the present-day map. Therefore, carbon stock estimates for the 1789
and 1933-43 time points are less accurate than those for the year 2013. Given the
historic map resources available and their level of detail, there is limited scope for
improving the land-cover classification for the 1789 and 1933-43 time periods. This is
likely to have resulted in some inaccuracies in the carbon stock values obtained for these
time points, including a possible overestimate of the total value for the 1789 time point,
as areas of relatively low carbon content, e.g. water bodies, mudflats, inland rock etc.,
were impossible to identify, and so were assigned the mean carbon stock values for the
grassland and heathland categories.
With regard to temporal trends in total carbon storage, it was assumed that all changes
in carbon stocks were related to changes in the broad land-cover types, and that the per
hectare carbon content of each land-cover type for both vegetation and soils was uniform
in space and time. This fails to account for differences in the age and therefore the
biomass of the woodland stands, the impacts of climate change, natural processes (e.g.
vegetation growth, decomposition, carbon fluxes between peatlands and the atmosphere
or peatlands and the fluvial system), and anthropogenic activities (e.g. peatland
drainage, woodland thinning, large herbivore grazing, burning) on carbon fluxes. It also
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does not consider the carbon contained in wood products or the carbon released upon
their decay. The land-cover change analysis also considered only the absolute area of
each broad land-cover type at each time point. A more in-depth analysis to examine
which land-use/land-cover type changed to which from one time point to another, would
provide more accurate estimates of trends in soil and biomass carbon density and carbon
emissions and removals. Whilst the inclusion of these factors would have resulted in a
more complete assessment of how carbon stocks in the Forest have changed over time,
within the confines of this study it was neither necessary nor possible to do so.

Chapter 8

A System Model of the New Forest
A&O Woodlands
8.1

Introduction

Chapters 4 and 5 described the broad trends in land-use and land-cover in the New
Forest over the last three centuries, whilst Chapter 6 detailed patterns in the drivers that
caused these changes and in some of the ecosystem services supplied by the system.
From these, as well as from previous research in the area, it is evident that the
present-day landscape is the product of myriad past interactions between the
bio-geo-physical system and its human inhabitants. Central to this relationship is the
dynamic between human and non-human drivers of change and the vegetation of the
New Forest, where past interactions have typically resulted in the alteration of the
vegetational components of the landscape, and consequently their capacity to deliver
ecosystem goods and services. However, land-cover time series can only reveal the
combined effects of multiple drivers of change (disturbances and environmental stresses),
and cannot be used to unravel the impacts of individual forces acting on a system
(Peringer et al., 2013), or to explore the biophysical processes that underlie the provision
of multiple services. Dynamic modelling of the effects of climate and management
strategies can give us greater insight into the role these multiple interacting factors have
played in determining the present day distribution and composition of the vegetation,
and can aid us in understanding how such pressures may affect it in the future. It can
also shed light on the resilience of certain species to biotic and abiotic stresses, their
ability to adapt to changing environmental conditions, and the role of species diversity in
ecosystem resilience (Elmqvist et al., 2003; Sanders et al., 2014).
Given the complicated and dynamic nature of the system, and the difficulties inherent in
the examination of complex SES, this chapter will focus on certain limited aspects of the
New Forest as part of a dynamic modelling exercise. We concentrate here on the Ancient
& Ornamental Woodlands, an important ecological resource and an important
163

164

Chapter 8 : A System Model of the New Forest A&O Woodlands

‘service-providing unit’. The service-providing unit concept allows us to use land-cover
as a proxy for ecosystem service delivery, which is beneficial as we do not have consistent
records of the delivery of all ecosystem services of interest over the entire period of
record. The limitations of this approach are described in Section 2.3.1. Closely linked to
the history and evolution of these woodlands are climate, the Commoning tradition and
the timber industry, thus these elements are also integral to the model.
The specific research questions to be addressed in this chapter are:
RQ4. To what degree is the New Forest SES resilient to internal and external pressures,
and how could the capacity of the system to deliver ES change in the future under a
range of scenarios?
• How have the A&O woodlands, and Quercus robur and Fagus sylvatica in
particular, responded to multiple drivers of change including grazing, timber
felling, drought, windthrow and pests over the AD1700-present day period, in
terms of their extent, structure and species composition?
• Have these vegetation changes been gradual and linear or non-linear with abrupt
thresholds?
• To what extent are each of the pressures acting in the system responsible for the
vegetational changes observed?
• How may these woodlands respond to multiple pressures over the coming decades,
from the present day to c. 2085?

8.1.1

Ancient pasture woodland and drivers of woodland dynamics

The investigation of the past, present and future dynamics of the Forest’s ancient
woodlands is particularly relevant, given the different threats and challenges that they
may face in the coming decades. Understanding how past pressures have made these
woodlands what they are today is crucial to gain insight into how they should be
managed in the future (Grant and Edwards, 2008), and to ensure the provision of
ecosystem goods and services in the long-term (Gillet et al., 2002). Given the number of
interacting drivers that can cause woodland change, modelling approaches should avoid
focusing on single factors and include, in so far as is reasonable, the full range of
pressures acting on the system (Weisberg and Bugmann, 2003; McEwan et al., 2011).
They should also integrate the short-term processes of disturbance events with long-term
vegetation dynamics (Seidl et al., 2011). The consideration of multiple driving forces of
vegetation change is important, as many interacting factors operate in forest-ungulate
systems such as the New Forest, and require simultaneous management (Bugmann and
Weisberg, 2003). These same authors also highlighted the importance of situation- and
context-specific consideration of the management of forest-ungulate systems. Some
drivers of change, such as woodland clearance, fire or windthrow, have an immediate
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impact on tree mortality whereas others, such as grazing and browsing, may retard or
prevent woodland regeneration, and may not impact upon stand structure for years to
come (Didion et al., 2009).
Landscape-scale dynamics of woodland systems are influenced by intra- and inter-specific
vegetation dynamics at the stand scale, soils, anthropogenic disturbances, environmental
conditions and large-scale natural disturbances (Schumacher et al., 2004). In Section
2.3.4, some of the main threats to European ancient and pasture woodlands were
outlined. In relation to the UK, the National Ecosystem Assessment states that
overgrazing, habitat fragmentation and isolation, non-native species invasion,
inappropriate management practices, air pollution, pests and disease, as well as the
conversion of wooded land for building development, drainage and water quality issues,
pressures from recreational activities and tourism, and climate change are the most
significant threats to semi-natural woodland in the UK (Quine et al., 2011). Within
pasture woodlands, grazing, browsing, trampling and dunging by large herbivores,
together with natural successional trends, are the main drivers of vegetation dynamics
(Peringer et al., 2013). The density of large grazing animals - ponies, cattle and deer in
the case of the New Forest - influences woodland tree species regeneration. Regeneration
is defined as the ecological processes involving the establishment, growth and population
changes of juvenile trees (Johnson et al., 2002). In recent decades, climate change has
increased in importance, and a rise in the severity and frequency of summer drought
events in the future is likely to be the greatest threat to woodland systems in the UK,
particularly in southern and eastern regions (Quine et al., 2011). Within pasture
woodland systems, characterised by the stable coexistence of two subsystems - a forest
subsystem (trees, shrubs and underwood) and a pasture system (eutrophic meadows and
oligotrophic lawns) (Gillet et al., 2002) - these factors regulate the balance between the
different vegetation types, and can ultimately affect the open land:wooded land ratio.

8.1.1.1

Climate change

Future climate change includes both trends in mean climate and changes in the
occurrence and magnitude of extreme weather events. Human-induced climate change is
expected to come to the fore as a significant d river o f e cosystem a nd environmental
change in the future. Key risks associated with climate change include water stress and
drought, higher air, river, lake and sea temperatures, soil moisture deficits a nd increased
erosion rates, higher prevalence of invasive species, increased fluvial and coastal flooding
and coastal erosion (Met Office, 2011; HM Government, 2012a).
Climate change impacts on British woodlands include a lengthening of the growing
season and a ‘CO2 fertilisation effect’ due to rising atmospheric CO2 concentration,
leading to increased productivity; increased summer temperatures and decreased summer
rainfall causing a decrease in soil moisture, an increase in drought stress, increased
mortality and a decline in growth; earlier budburst (and thus higher probability of frost
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damage) and incomplete winter hardening due to increased winter temperatures;
increased winter rainfall leading to increased flooding and waterlogging, which can limit
rooting depth, reduce tree stability on exposed sites, and lead to increased soil erosion
and slope damage; and increases in wind speed and thus wind damage and windthrow.
Indirect effects include increased prevalence of pests, pathogens and invasive species due
to increased temperatures and decreased precipitation, and increased susceptibility of
climate stressed trees; and an increase in the incidence of forest fires. Furthermore, in
native and ancient woodland, range shifts for certain species and changes in tree species
composition and age structure are likely (Ray et al., 2010). Old-growth woodlands in
particular, once high aboveground biomass has been reached, can be particularly
susceptible to tree loss as a result of extreme weather conditions including drought,
flooding and windthrow, as well as pests and pathogens (Luyssaert et al., 2008). In the
context of this model, mean temperature trends and their influence on tree growth, and
extreme weather events, i.e., drought and windthrow and their impact on tree growth
and mortality, are of greatest interest. Recent declines in Fagus sylvatica in some
woodland stands can be attributed to their greater susceptibility to extreme weather
events, particularly drought and windthrow, as well as the abandonment of traditional
management practices (Flower, 1980b; Flower and Tubbs, 1982; Grant, 2005; Grant and
Edwards, 2008).
Changes in precipitation patterns can result in both drought and flood events, which can
have a severe impact upon ancient woodland systems. Drought can be difficult to define
as drought events can differ in their extent, duration, magnitude and range of impacts.
However, several broad categories of drought can be recognised including meteorological
drought (rainfall deficiency), hydrological drought (deficiencies in runoff or aquifer
recharge) and agricultural droughts (deficiency of soil water during the growing season)
(Marsh et al., 2007). Since records began in 1776, there has been no significant change in
mean annual precipitation over England and Wales. However, there are evident trends in
seasonal rainfall rates and patterns, where rainfall appears to have decreased in summer
and increased in winter, leading to a rise in the occurrence and intensity of drought and
flood events respectively. Total precipitation in southeast England experienced a 15.3%
decrease between 1914 and 2006 and a 13.1% decrease between 1961 and 2006 for the
summer season. During the winter months, a 6.2% decrease and a 23.3% increase were
recorded for the 1914-2006 and 1961-2006 periods respectively (Jenkins et al., 2008).
Temperature, as well as rainfall, can be a significant factor leading to drought events,
and Mann et al. (1999) have argued that the mean annual temperature in the Northern
hemisphere during the last few decades of the 20th century was the highest of the last
1,000 years. Past temperature trends in southeast England depict a 1.02 ◦ C increase and
a 1.77 ◦ C increase in daily mean temperature in the southeast region over the summer
season for the 1914-2006 and 1961-2006 periods respectively (Jenkins et al., 2008).
Temperature trends from the Southampton weather station, drought occurrence and
drought severity as measured by the SPEI and streamflow drought and deficiency, are
depicted in Figures 6.1, 6.4 and 6.5. These show a gradual upward trend in mean
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temperature between 1659 and 2014, with a sharper increase from approximately the
mid-1980s onwards, as well as a number of severe and extreme drought events from 1766
to the present day.
According to UKCP09 climate change projections, southern parts of England are
forecast to experience the most significant rise in mean temperature, mean daily
minimum temperature and mean daily maximum temperature, as well as the largest fall
in precipitation during the summer months - see Appendix E, Table E.2. By the 2050s
(relative to a 1961-1990 baseline), under a medium emissions scenario, central estimates
of change (i.e., the 50% probability level), followed in brackets by changes very likely to
be exceeded (10% probability level), and changes very unlikely to be exceeded (90%
probability level), UKCP09 projections forecast a 4.2 ◦ C (2.2 to 6.8 ◦ C) increase in mean
summer temperature and a 40% (-65 to -6%) decrease in summer precipitation in
southeast England. These changes will contribute to an increase in the frequency,
severity and duration of summer drought. Thus, a deeper understanding of the impacts
on forest ecosystems and on tree physiology and mortality is necessary to ensure their
sustainable future management (Read et al., 2009; Ray et al., 2010), and their continued
delivery of important ecosystem services.
Vicente-Serrano et al. (2013) state that drought vulnerability refers not only to how
resistant the species is to drought stress, but also to how quickly it recovers following a
drought episode. In ancient woodlands, drought effects can include both short-term
impacts on growth and mortality in drought years, and longer-term effects in the years
following the event as trees continue to die, albeit typically at a diminishing rate, and
productivity continues to suffer (Packham and Hytteborn, 2012). Drought impacts on
deciduous woodlands across Europe have been well-documented, and the effects on Fagus
sylvatica are particularly well-studied, as this species is extremely susceptible to drought
due to its shallow roots (Thomas and Packham, 2007). It is especially vulnerable to dry
summers on shallow, freely draining soils and when mature (Ray et al., 2010). Recent
droughts, in particular the extreme events of 1975-76, 1983-84, 1989-90, 1995 and 2003,
had severe consequences for tree mortality and growth in many woodlands in Europe and
the UK.
In the UK, numerous studies attest to the severe consequences of drought for older Fagus
sylvatica trees. In a long-term study conducted between 1945 and 1992 in Lady Park
Wood, Peterken and Mountford (1996) reported significant drought-related mortality for
both Fagus sylvatica and Betula spp. following the 1975-76 event, where older Fagus
sylvatica in particular suffered high rates of mortality and reduced growth in surviving
trees, a pattern observed in other studies, e.g. Roloff (1985) - cited in Wilson et al.
(2008), who found that the greatest impacts are evident in Fagus sylvatica trees over 140
years old, while damage is less easily detectable in trees of less than 70 years. Cavin
et al. (2013), in their examination of drought impacts in the same wood, determined that
following the 1975-76 event, 17% of the mature Fagus sylvatica died due to drought.
Surviving trees suffered either minimal or severe damage and reduced growth rates, with
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the former recovering after approximately 1 year and the latter only after up to 20 years,
with both groups regaining only approximately 75% of their pre-drought growth rates. A
failure to regain pre-drought growth rates was also observed by Peterken and Mountford
(1996), although some studies have found that following drought, Fagus sylvatica trees
have regained or exceeded their pre-drought growth rates (Wilson et al., 2008).
Drought-induced growth reductions in Fagus sylvatica in southern England have also
been noted by Power (1994) following the 1975-76 drought, where the healthier the tree
prior to the drought event the more quickly it recovered, and the more likely it was to
recover its pre-drought growth rate. Power et al. (1995) recorded declining Fagus
sylvatica health as measured by crown architecture and crown thinness between 1987 and
1991, partly attributable to the drought years of 1989 and 1990. Across Europe, similar
patterns have been detected, e.g. Mette et al. (2013) found that Fagus sylvatica growth
was positively correlated with precipitation during the growing period of the current
year, as well as during September and December of the previous year, and negatively
correlated with temperature for most months. Fagus sylvatica also suffered more severe
growth restriction during the 2003 drought compared to Quercus petraea.
In the New Forest, a decade of hot, dry summers from 1974-1984, and in particular the
severe droughts of 1975-76 and 1984-85, led to the immediate deaths of several hundred
Fagus sylvatica trees as well as continued deaths, although at a decreasing rate, in the
years following the drought, and thinning canopies in young and old surviving trees
(Tubbs, 2001). The 1976 event resulted in the death and severe weakening of many
A-generation (originated between 1660-1760) Fagus sylvatica trees, and the storms of
1987 and 1990 caused further damage, blowing over dead and weakened trees (Grant and
Edwards, 2008). Tubbs (2001) estimates that about 4,500 Fagus sylvatica trees were
killed by this single event, and that many more suffered drought stress-induced crown
dieback and died in subsequent years. In contrast to that maintained by many other
authors, Tubbs (2001) stated that many of the oldest trees appeared to be the least
drought-stressed. These woodlands continued to experience high mortality rates from
successive droughts in the 1980s, 1990s and 2000s. This same pattern was reported by
Mountford et al. (1999), Mountford (2001) and Mountford and Peterken (2003) in their
long-term monitoring programme carried out in the Forest’s ancient Denny Wood
between 1956 and 2002. In this study, many canopy Fagus sylvatica were lost to drought,
whilst Quercus robur appeared relatively unaffected.
It is important to note that tree response to drought depends not only on tree
characteristics including species and age, but also on the drought event itself and site
characteristics such as topography and soil. For instance, Vicente-Serrano et al. (2013,
2014), in their investigation of the relationships between drought and tree activity and
growth, determined that cool temperate moist forests are particularly susceptible to
drought, as they respond to drought at relatively short timescales of 3-6 months, i.e.,
even a short period of water deficit can have negative consequences in terms of tree
growth. In relation to the importance of soil type, several authors have noted more
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severe growth declines in Fagus trees on acid sands and weakly gleyed soils (Wilson
et al., 2008), as well as poorer Fagus health on poorly-drained acid soils (Power et al.,
1995). On the light acid sands of the New Forest, the roots of Fagus do not enter the
clay lenses or beds, but instead fan out above, possibly increasing their susceptibility to
drought (Mitchell, 1996).
Betula, a drought sensitive taxon, suffered high mortality rates following the 1975-76
drought in Lady Park Wood, where 39% of post-1944 Betula died (Peterken and
Mountford, 1996). Fraxinus excelsior is another drought sensitive species that requires
sufficient soil moisture during the growing season, and can suffer reduced growth under
summer drought conditions (Ray et al., 2010). Both species of native Quercus, Quercus
robur and Quercus petraea, have frequently been shown to be less drought sensitive than
Fagus sylvatica. In the New Forest, far more Quercus trees have survived the various
severe drought and storm events of the last four decades (Mountford et al., 1999;
Mountford, 2001; Mountford and Peterken, 2003). Cavin et al. (2013) found no
significant effects of climate on either tree growth or mortality for Quercus petraea.
However, Sanders et al. (2014), in their examination of climate-growth relationships in
Quercus robur and Quercus petraea in southeast Britain between 1960 and 2005, found
that both species experienced reduced growth in the mid-1970s, mid-1980s, mid-1990s
and around 2005 - periods consistent with known drought years - and that recovery
times were longer for Quercus petraea, with Quercus robur displaying lower sensitivity to
environmental conditions. The predicted higher resilience of Quercus robur to future
drought conditions supports the findings of several other studies, e.g. Broadmeadow
et al. (2005).
Future projections of climate change impacts on broadleaved woodlands report that in
southeast England, lower summer rainfall and an increased evaporative demand are
likely to lead to longer periods of drought stress on trees (based on UKCIP02 climate
change scenarios), causing growth reduction in many species and changes in species
suitability (Broadmeadow and Ray, 2005; Broadmeadow et al., 2005). By 2050, in the
southeast under high emissions scenarios, conditions will be unsuitable for Fagus
sylvatica timber production and, under more extreme drought conditions, for Fraxinus
excelsior timber production due to low productivity rates. The productivity of both
Quercus robur and Quercus petraea is expected to fall, where the former will replace the
latter as the more productive species (Sanders et al., 2014). Projected shifts in species
distribution reported by Read et al. (2009) show that, by the 2080s under a medium-high
emissions scenario, Fagus sylvatica will be restricted to good soils in southern and
eastern England, and the range of Fraxinus excelsior and Betula pendula will shift to the
north mainly due to limited water availability. Petr et al. (2014) examined future
drought conditions (based on UKCP09 climate change projections), and predicted a high
probability of tree growth reduction for Quercus petraea across southeast England under
low, medium and high emissions scenarios by the 2050s.
As species respond individualistically to climate change, species-specific impacts can lead
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to community and landscape scale impacts, as the age and species composition of
woodlands is altered. Such shifts can represent threshold events, whereby sudden
changes in the growth and survival of certain species, particularly if one or more of these
are dominant or co-dominant, can lead to the competitive release of other species. As
Fagus sylvatica is predicted to experience increased mortality and reduced growth under
future climatic conditions, other species such as Quercus spp., which typically find
themselves at a competitive disadvantage in woodlands where they co-exist with Fagus
sylvatica, may experience a temporary increase in growth rates as a result of Fagus
sylvatica death and canopy damage, resulting in an eventual change in woodland
composition (Cavin et al., 2013). Mette et al. (2013) examined climate impacts on the
growth of Fagus sylvatica and Quercus petraea in central European woodlands, and
identified a potential ‘climatic turning point’ (CTP), i.e., a rank reversal between these
two key species due to differences in their competitive ability under conditions of rising
temperature and declining water availability, leading to a shift in species dominance from
Fagus sylvatica to Quercus petraea.
Over the last century, there has been considerable variation in the number of wind
storms experienced across the British Isles. The total number of wind storms over the
UK and Ireland during the Oct-Mar period from the 1920s to the 1990s shows the
highest frequencies of events in the 1920s and 1990s, with 16 and 14 events respectively.
In the intervening decades, values ranged between 4 and 8 severe storms per decade.
However, there is little evidence that the recent increase in storminess in the UK is due
to anthropogenic factors (Jenkins et al., 2008).
In contrast to some other climate variables such as temperature and total precipitation,
future changes in storm events in the UK are very unclear. The UKCP09 does not
include any projections for future changes in the frequency, strength or location of these
phenomena. However, simulations run using the Met Office HadCM3 climate model
ensemble suggested rather modest changes of less than 5% in the number of storms
occurring in all seasons in the UK by the 2080s under a medium emissions scenario. The
only exception to this is summer, which is projected to undergo a 20% decrease in storm
incidence, and spring and autumn in the southeast, which may experience minor
reductions in storm incidence (Murphy et al., 2010).
In ancient woodlands, wind storms can cause considerable damage via uprooted and
windthrown trees and broken branches. In both the UK and across Europe, Fagus
sylvatica has been shown to be very susceptible to damage and felling as it is quite
shallow-rooting, particularly over chalk, clay and sand, and older trees and trees in leaf
are particularly vulnerable (Thomas and Packham, 2007; Packham and Hytteborn, 2012;
Packham et al., 2013). Trees at the forest margin are often more resistant to storms than
those located deeper within the woodland (Packham and Hytteborn, 2012). In the UK,
the 1987 storm event resulted in the loss of 3.9 million m3 of the growing stock,
equivalent to 60% of the annual UK timber production (Read et al., 2009). Fagus
sylvatica woodlands suffered severe damage from storm events in the three decades
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between 1980 and 2010 (Packham et al., 2013), particularly where these occurred on
chalk soils (Packham et al., 2012). The New Forest ancient woodlands were particularly
hard hit by the October 1987 and January 1990 storms, which compounded the effects of
previous drought events. Tubbs (2001) states that hundreds of old Fagus sylvatica trees
and extensive areas of conifer plantation were felled by these winds and that certain
woodlands, e.g. Mark Ash Wood, lost most of their ancient Fagus sylvatica trees. In the
long-term Denny Wood study, Mountford et al. (1999), Mountford (2001) and Mountford
and Peterken (2003) found that the 1990 storm had a greater impact than the 1987
storm, as the majority of windthrow occurred between 1988 and 1996. Quercus robur, in
contrast, rarely died as a result of windthrow, although some large trees were felled
between 1964 and 1984, and others were felled or damaged by the 1987 and 1990 storms.
For both species, storm-induced death was greatest in the oldest generations.
When examining the negative effects of climatic drivers of change, it is important to
remember the central role that disturbance regimes can play in woodland dynamics. The
scale of the disturbance, the response of different species to disturbances, and the extent
to which the frequency and severity of future disturbance events may differ from the
range and variability of historical disturbance regimes should be considered (Seidl et al.,
2011). Wind storm-induced disturbance has been shown to be crucial in shaping the
composition and age structure of old unmanaged Fagus sylvatica woodlands, e.g. in the
UK (Packham et al., 2013) and northern Europe (Denmark, southern Norway and
southern Sweden) (Packham and Hytteborn, 2012). In these woodlands, repeated gap
formation due to the blowing over, snapping or uprooting of trees by wind, or due to tree
death resulting from drought or attacks by pests or disease, allows the development of
shade tolerant dwarf trees (i.e., the release of advance reproduction or regeneration
(Johnson et al., 2002) - seedlings that are present before the harvesting or loss of mature
trees (Harmer and Gill, 2000)), and the regeneration of shade intolerant species,
ultimately leading to a woodland containing trees of many different ages.

8.1.1.2

Large grazing herbivores and mammalian pests

The presence of large herbivores on the Open Forest is crucial for the maintenance of the
open habitats and their biodiversity. Together with activities such as turf and heather
cutting and heathland burning, grazing restricts the growth of vegetation, preventing the
evolution of these areas into woodland, and promoting species diversity (Tubbs, 2001;
Forestry Commission, 2008c). The existence of the Commoners’ stock also represents an
important cultural service and a traditional way of life, and undoubtedly acts as an
attraction that enhances the experiences of visitors to the area. However, a balance must
be struck between livestock grazing pressure and the long-term survival of the
unenclosed woodlands. If grazing pressure is too low, pasture woodlands evolve towards
climax forest ecosystems, and if it is too high, tree establishment and survival are
suppressed, and the system can experience woodland collapse and the development of a

172

Chapter 8 : A System Model of the New Forest A&O Woodlands

more open grassland system (Gillet et al., 2002; Gillet, 2008).
Grazing and browsing herbivores can have a severe impact on palatable species, both
through the destruction of seeds, and via the loss of foliage and twigs and stem damage,
which affect growth and can ultimately lead to mortality (Thomas and Packham, 2007;
Seidl et al., 2011), and the elimination of more edible tree species (Rackham, 1980).
However, not all tree species respond in the same manner to this pressure. Some authors
have reported that Fagus sylvatica is favoured under high grazing and browsing pressure
as it is less severely browsed (certainly less severely browsed by deer), and more tolerant
of browsing than other deciduous tree species. Although it is less likely to suffer
browsing-induced mortality, it will still suffer a reduction in growth (Packham et al.,
2012). Other studies state that Quercus spp. are very resistant to defoliation (Thomas
and Packham, 2007), and that they are grazed to a lesser degree as they contain tannins
which have an unpleasant taste, and are also difficult to kill (Rackham, 1980). Palmer
et al. (2004) examined regeneration failure in Atlantic oakwoods in western Scotland and
the role of ungulate (deer and sheep) grazing. They found an abundance of newly
established Quercus spp. seedlings and high sapling densities, even in the most heavily
grazed woodlands. Browsed saplings of all species suffered reductions in growth, and
Quercus spp. saplings suffered significantly greater damage from browsing compared to
the other species present. These authors suggested that light availability, rather than
grazing pressure, was perhaps the most important limiting factor for tree growth and
survival.
Several authors have examined the extent of pony and cattle grazing in the Forest, and
on the woodland vegetation in particular (Peterken and Tubbs, 1965; Morgan, 1987a,b,
1991; Tubbs, 2001). Tubbs (2001) states that the presence of deer and Commoners’ stock
in the Forest has been instrumental in shaping the regeneration, age and species
structure of the vegetation. In the woodlands, Commoners’ animals, and to a lesser
extent deer, may have a detrimental effect, as overgrazing and trampling can cause
damage to and death of seedlings and saplings, as well as a sparse ground flora layer
(Flower, 1980b), ultimately reducing recruitment of new trees. Blackburn et al. (2014)
also noted regeneration failure in a New Forest woodland, as the proportion of the area
covered by canopy gaps increased over their five-year study period. The potential
negative impacts of the deer in the Forest are principally related to their effect on the
vegetation through their browsing behaviour, as they can affect woodland vegetation
through selective browsing on herbs, shrubs and young trees (Gill, 2000). The effect of
the deer on the vegetation applies to both the areas within the Inclosures and those
without as, unlike the Commoners’ animals, the deer are also present in the enclosed
areas. Trends in stock and deer numbers from 1787-2014 are depicted in Figure 6.7.
Peterken and Tubbs (1965) and Tubbs (2001) put forward the three-generation theory three distinct tree generations of largely unenclosed deciduous woodland, which have
arisen in response to changes in grazing pressure. This is based on a direct relationship
between the rate of tree regeneration and the number of grazing and browsing animals
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on the Open Forest. This theory dates the A-generation of trees to 1660-1760, the
B-generation to 1840-70 and the C-generation to 1900-1960 - see Figure 8.1, and suggests
that regeneration effectively ceases when the grazing pressure exceeds 0.16 feeding units
(FU) ha-1 . Fluctuations in grazing pressure over time have allowed for this periodic
regeneration. For example, the removal of deer following the 1851 Act meant a reduction
in browsing pressure, a reduction in the lopping of trees for browse, and a subsequent
increase in Quercus spp., Fagus sylvatica and Ilex aquifolium regeneration rates
throughout the Open Forest. Although deer were reintroduced to the New Forest during
the 20th century, numbers of Commoners animals decreased during WWI and WWII
allowing pulses of regeneration (Forestry Commission, 2008b), although after 1970
regeneration across most of the Open Forest dwindled (Tubbs, 2001). The existence of
this relationship was supported by Mountford et al. (1999), Mountford (2001) and
Mountford and Peterken (2003) in the Denny Wood study, where tree recruitment
effectively ceased after 1964 due to the presence of high numbers of ponies and deer.
These authors proposed a maximum threshold of 0.15 FU ha-1 , above which tree
regeneration will not take place. Putman et al. (1989) determined that a density of 1
fallow deer ha-1 - equivalent to 0.33 FU ha-1 - was sufficient to completely inhibit tree
regeneration. Tubbs (2001) states that the numbers of Commoners’ stock and deer in the
New Forest will likely be the most important factor determining the appearance of future
generations of trees.
In addition to their consumption of tree seedlings and saplings, deer and ponies can also
cause severe damage to young Fagus sylvatica trees through debarking. In Denny Wood,
many C-generation Fagus sylvatica trees were killed as a result of this behaviour
(Mountford et al., 1999; Mountford, 2001). The activity of small mammalian pests, in
particular grey squirrels, is also an issue, particularly for Fagus sylvatica trees, which are
frequently subject to bark-stripping that causes damage and increased mortality of
young trees (Packham et al., 2012). Future climate change may lead to increased seed
availability for these pests and reduced mortality, and consequently an increase in the
amount of damage they cause (Broadmeadow and Ray, 2005). In Denny Wood, bark
stripping by grey squirrels led to the damage and death of many B-generation and in
particular C-generation trees from the 1970s (Mountford et al., 1999; Mountford, 2001).

8.1.1.3

Timber and non-timber forest products

The conversion of the Ancient & Ornamental woodlands to Inclosures, and their
subsequent felling and re-planting, have been described in Section 4.3. The exploitation
of these woodlands for the production of timber and non-timber forest products
(NTFPs) is detailed in Section 6.3.2. The impacts of NTFPs were limited, as these
practices were carried out at a local scale, and so are unlikely to have had a significant
impact upon the landscape in terms of biodiversity or service provision. The size of a
canopy gap can influence which species can take advantage of the increase in light
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Figure 8.1: Grazing pressure on the Open Forest from 1660-2014. The three main
periods of tree regeneration are indicated by the red lines - dashed sections represent
periods of relatively low regeneration rates.
Source: adapted from Tubbs (2001)

availability, e.g. Fagus sylvatica seedlings and saplings can grow in the gaps created by
the death or removal of a single tree, whereas Betula spp. and Quercus spp. require
larger clearings (Rackham, 1980). The clear-cutting of Quercus woodland, i.e., the
one-step removal of the overstorey, results in the regeneration of the stand if advance
Quercus reproduction is present in the understorey. However, this practice often hastens
succession towards shade-tolerant species and the suppression of light-demanding species
(Johnson et al., 2002). In the New Forest, the felling of trees for timber from the early to
mid-17th to the 19th century resulted in a significant reduction in the area of ancient
broadleaved woodland, and in many stands a shift from Quercus spp. to Fagus sylvatica
dominance due to the preferential felling of the former. The A&O woodlands have been
protected from clearance and plantation forestry since the 1877 New Forest Act,
although this has not completely protected them from damaging activities, e.g. following
the Forestry Commission’s assumption of the management of the Crown lands in 1923,
they converted many of the old native woodlands to conifer plantations, and in the 1950s
and 1960s the unenclosed woods were exploited for timber (Tubbs, 2001).

8.1.1.4

Species-specific characteristics and woodland vegetation dynamics

Species-specific characteristics also play a role in determining the structure and
composition of a woodland and how it responds to stressors and disturbances. In the
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A&O woodlands, as in many temperate European broadleaved woodlands, Quercus
(predominantly Quercus robur) and Fagus sylvatica co-occur, and in the majority of
ancient New Forest stands are the dominant species. Fagus sylvatica is a shade-tolerant
tree that requires mild winters and moist summers, and is native to southern, central
and western Europe, and in England is found predominantly in the southeast region
(Packham et al., 2012). It has a typical lifespan of 100-150 years and can live for up to
500 years (Fitter and Peat, 1994). It flowers at approximately 40 years old in the open
and 60-80 years old in dense stands (Firbas, 1949) - cited in Packham et al. (2012). As
detailed in previous sections, this species is particularly susceptible to drought and
windthrow, as well as debarking by ponies and deer and bark-stripping by grey squirrels.
An increase in mortality rates of this species due to such disturbances can create canopy
gaps that permit the establishment and growth of more light-demanding species,
although Fagus sylvatica does also respond favourably to increased light levels. It
performs well on poor soils (such as those found across much of the New Forest).
Compared to Quercus spp. and other light-demanding species, it is better able to
establish under dense canopies, albeit with reduced growth rates, where it can survive as
a dwarf tree in the understorey for decades until a gap in the canopy permits it to grow
into the overstorey (Packham et al., 2012).
Quercus robur is found throughout lowland northern Europe (Jones, 1959), and can live
to in excess of 500 years (Fitter and Peat, 1994). It has a maximum age of just over a
thousand years, and begins flowering and producing seed at 15-25 years of age (Johnson
et al., 2002). Quercus spp. are relatively drought tolerant and less susceptible to
windthrow and bark damage by large herbivores and squirrels. The formation of gaps in
the canopy and stand-initiating disturbances (e.g. fire, windthrow, pests and disease,
timber harvesting etc.) can be beneficial, as they increase light availability and can lead
to the competitive release of Quercus spp. Under a mature Fagus sylvatica canopy,
shade-intolerant species grow poorly, although reports of their ability to persist in such
conditions vary. Several authors state that Quercus spp. seedlings will rarely survive
more than a single season in deep shade (Jones, 1959; Johnson et al., 2002), and that
Quercus trees in woodland need at least 30% full sunlight to survive (Rackham, 1980).
However, other studies have found that although Quercus is a light-demanding taxon, it
can persist in shaded conditions, particularly in the first year of the seedling stage where
the initial growth is powered by the seed reserve. Very young Quercus robur seedlings
may grow as well at low light levels as the seedlings of Fagus sylvatica, although for older
seedlings and saplings, growth rates are low and survival rates decrease with time if low
light levels persist (Ziegenhagen and Kausch, 1995; Welander and Ottosson, 1998). Fagus
sylvatica has been shown to be not only shade-tolerant, but also more sun-intolerant
than Quercus spp., where strong irradiance can lead to lower photosynthetic activity
(Valladares et al., 2002). Although Fagus sylvatica and Quercus robur are the principal
trees discussed, species-specific characteristics of the other tree species included in the
model are considered and are detailed in Table 8.2.
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Also present in smaller quantities in the A&O woodlands is Fraxinus excelsior, a
mid-successional species that takes advantage of stand disturbances and the creation of
canopy gaps to establish. It is shade tolerant as a seedling and young sapling, becoming
more light-demanding as it ages (Dobrowolska et al., 2011). Betula pendula and Betula
pubescens are also present. Betula is an early successional light-demanding taxon that
quickly colonises open areas after clear-felling and the creation of canopy gaps
(Rackham, 1980; Hynynen et al., 2010).

8.1.1.5

Other drivers of woodland change

Another influence on the A&O woodlands comes in the form of recreation and tourism.
For example, dead and drought-damaged trees were removed from Denny Wood during
the winter of 1980/81 following the 1976 drought, together with squirrel-damaged trees.
This was carried out for reasons of public safety due to the presence of a campsite in close
proximity to the site, with associated negative consequences for saproxylic organisms
(Mountford and Peterken, 2003). The felling of whole trees and branches deemed
dangerous to visitors and recreational users has also been noted by Tubbs (2001). The
occurrence of fires following severe drought years, e.g. 1976, 1989-90 and 1995, has led to
a rise in the area of woodland burned. Particularly severe fires occurred in many areas of
England, including the New Forest following the 1976 drought (Read et al., 2009).
Much work has already been done in the investigation of the linkages between the
historic development of the A&O woodlands, past human activities, and environmental
conditions. This has led to the formulation of several conceptual models of the A&O
woodland system including Peterken and Tubbs (1965), Morgan (1987a,b, 1991) and
Tubbs (2001). Notwithstanding previous work in the New Forest, doubts still remain as
to the precise nature and magnitude of these relationships, as well as potential future
directions for these woodlands and the benefits that people derive from them. These
relationships are explored here via a dynamic system model created using STELLA
modelling software, and the long-term datasets gathered. The objective of this modelling
exercise is to examine past, present and future woodland dynamics, and to investigate
the evolution of the original ancient Quercus-dominated pasture woodlands under
different scenarios, each of which reflects the principal management strategies to which
these woodlands were subjected from c. AD1600 to the present day. The modelling
approach employed is a means of exploring the vegetation dynamics that underlie the
provision of numerous ecosystem services and the maintenance of system resilience in the
face of environmental change. Of particular interest is the possibility of the collapse of
the woodland component of the wood-pasture system, and a transition to a more open
landscape state, as well as the persistence of Fagus sylvatica in the face of predicted
severe and more frequent future drought and storm events.
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Methodology

8.2.1

STELLA® - a complex systems modelling software

STELLA® modelling and simulation software is designed for the construction and
simulation of complex system models. STELLA stands for ‘Structural Thinking,
Experiential Learning Laboratory with Animation’. It is an object-oriented icon-based
graphical interface, specifically designed for dynamic systems modelling. It uses a
number of tools to represent the different components of a complex system: stocks accumulations that collect whatever flows into and out of them; flows - fill and drain
accumulations; converters - these can represent a constant, external input, algebraic
relationship or graphical function; and connectors - connect model elements. STELLA
v10.0.6 (isee Systems, 2015a) is used in this study. While the stock-and-flow type model
supported by STELLA is useful for the examination of changes to natural resources over
time, it is important to take this approach one step further and link fluctuations in these
stocks to the capacity of the system to support resource use and ecosystem processes and
ecosystem services (Lindenmayer and Cunningham, 2013). This is attempted here by
linking changes in the natural resources of the New Forest to their capacity to deliver
certain ecosystem services.
The development of a dynamic model using STELLA involves the following steps:
• specify the purpose of the model and the questions to which it should provide
answers
• create a conceptual system model
• using the conceptual model(s) as a basis, construct the model in STELLA, by
defining the state variables, flows, convertors and the connections between them
• parameterise the model by adding data and defining the equations that quantify
the linkages between the different model elements
• run the model retrospectively over a set period of time and under different scenarios
• perform sensitivity analysis to examine the effects of changing the principal control
parameters of the model
• validate the model outputs via comparison with empirical data
• perform stability analysis to examine the resilience of the system under varying
levels of disturbance
• explore the potential future development of the system using the validated model
and plausible future scenarios
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Conceptual system model

By modelling a ‘standard’ spatial unit of the A&O woodlands, this chapter aims to
examine the effects of varying pressures and conditions over time, and to explore the
establishment and expansion of Fagus sylvatica following the felling of Quercus spp., the
effects of different degrees of grazing pressure on seedling and sapling growth and
survival, and the impacts of climate and in particular extreme weather events on tree
mortality.
An overall conceptual system model for the New Forest, indicating the main interactions
between ecological resources, ecosystem processes, ecosystem services and drivers of
change, is presented in Figure 8.2. This model has two components: 1) the main
elements of the system (vegetation stocks/land-cover types, ecosystem services); and 2)
the interactions between these elements. Figure 8.3 depicts a framework specific to the
A&O woodlands, which describes the main interactions between these woodlands and
their associated drivers and ecosystem services, as well as the direction, positive or
negative, of these interactions. This framework forms the basis for the creation of a
dynamic system model in STELLA, to further explore the relationships between each of
these elements. The purpose of this model is to examine the relative importance of a
range of anthropogenic and environmental drivers of change on woodland vegetation
dynamics, and to identify the most important controlling mechanisms and limiting
factors for tree recruitment and woody vegetation cover. The other major vegetation
types in the New Forest, i.e., grassland, heathland and mires, are not modelled.
However, land-cover trends for these habitats are detailed in Chapters 4 and 5.
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Figure 8.2: A conceptual framework depicting the principal relationships between the
system’s ecological resources, the ecosystem services they provide, and drivers of change.
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Figure 8.3: A conceptual model of the main interactions between the A&O Woodlands, drivers of change and ecosystem goods and services.
The numbers on the diagram refer to the notes, which provide further explanation of the model interactions.
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pasture.
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Figure 8.4: A conceptual model of the Commoning tradition and the timber industry in the New Forest, of the main factors that can affect the
provision of these services, and of the ways in which they can impact upon the A&O woodlands.
The numbers on the diagram refer to the notes, which provide further explanation of the model interactions.
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STELLA model description and parameterisation

The STELLA model provides the means to transform the qualitative conceptual models
above into a quantitative representation of the dynamic behaviour of the system. The
model is a vegetation dynamic model that simulates the dynamics of a pasture woodland
system at the patch level. In this study a ‘patch’ is an area of land 0.125 ha (1,250 m2 )
in size. This model aims to explore the impacts of both local and landscape-scale control
parameters on the vegetation dynamics of the woodland component of the pasture
woodland system. Although Quercus robur and Fagus sylvatica are the main species
present in the A&O woodlands, several other deciduous species are also found there.
These include Betula spp. (Betula pendula and Betula pubescens, although the latter is
far more frequent (New Forest LIFE Partnership, 2001)), Ilex aquifolium, Alnus
glutinosa, Salix spp. and Fraxinus excelsior. Pinus sylvestris is the only coniferous
species that exists as ancient stands. Four of these are included in the model - Quercus
robur, Fagus sylvatica, Fraxinus excelsior and Betula spp. These will hereafter be referred
to as ‘Quercus’, ‘Fagus’, ‘Fraxinus’ and ‘Betula’ respectively. The inclusion of only four
taxa is justifiable as the ‘original’ broadleaved woodlands on the Open Forest were
Quercus-dominated, and in the present day 2,919 of the total 3,699 ha of unenclosed
ancient woodlands in the forest are dominated by Quercus and/or Fagus. Although
Quercus petraea does occur in this landscape, Q. robur is much more frequent (Tubbs,
2001), and thus is assumed to be the only Quercus species present. Alnus glutinosa and
Salix spp. are found predominantly in the bog woodland/riverine woodland/carr
habitats, where old-growth sallow (Salix) carr covers approximately 33 ha (New Forest
LIFE Partnership, 2001), while there are 152 ha of Alnus glutinosa carr (Forestry
Commission, 2008b). Pinus sylvestris is located mainly in 153 ha of stands where this
species dominates.
The woodland model is an example of a ‘forest gap model’, based on the importance of
tree gaps and gap dynamics theory in woodland regeneration. Forest gap models
simulate the establishment, growth and mortality of trees on small areas of land in
response to biotic and abiotic factors (Bugmann and Pfister, 2000; Bugmann and
Solomon, 2000). The model described below is based primarily upon (the PLANT
sub-model of) the vegetation dynamic model WoodPaM. More specifically, the refined
version of WoodPaM described in Peringer et al. (2013) is used. WoodPaM is a
deterministic, spatially-explicit compartment model of the dynamics of silvopastoral
systems, which tracks the number of trees in a patch (Gillet, 2008). The model used in
this study does however also incorporate some elements from FORCLIM (Bugmann,
1994). As per Wehrli et al. (2005), where possible, the model was adjusted using local
empirical data to achieve greater local precision. In the model description below, any
modifications to the WoodPaM model as described in Peringer et al. (2013) are detailed.
Quercus. Fagus, Fraxinus and Betula are modelled as separate stocks at each life stage,
and the area occupied by all taxa combined at each stage cannot exceed the total
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carrying capacity of the spatial unit. The equations provided below are generic and
within the model use the tree species parameters detailed in Table 8.2. A description of
each of the stocks, flows and converters in the model is presented in Table 8.1. Note
that some of the parameters listed in this table are not represented visually in the model
map - Figure 8.5 - but they nonetheless feature in the underlying equations. Species
tolerances to pressures and climatic conditions are detailed in Table 8.2. These values
are derived mainly from Bugmann (1994) and Peringer et al. (2013).
The model used in this study has an overall structure slightly different to that of
WoodPaM, in that it is not composed of distinct modules, e.g., wood, herb, cattle and
climate in the case of WoodPaM. Instead, it is composed of a single model, which
examines tree species dynamics with all other variables included as converters, rather
than being modelled explicitly within the STELLA environment, i.e., they are added
directly as external inputs to the model. The central vegetation resources are
represented by an array of four stocks representing the four main life stages: seedling,
sapling, young tree and mature tree. The specific type of stock used is called a conveyor,
which holds its contents (in this case seedlings, saplings, young trees or mature trees) for
a certain amount of time - the transit time. After this time has elapsed, the contents
leave the stock and move on to the next life stage or, in the case of mature trees, die
once the end of their lifespan is reached. All trees established in a particular year are
treated as a single cohort, and all individuals in this cohort are assumed to be identical
in size (i.e., in dbh) and to respond to drivers of change in the same way. As per
Peringer et al. (2013), the life stage ‘tree’ has been split into young tree and mature tree,
to reflect those young trees that are tall enough to escape browsing in the shrub layer
but which do not yet produce seeds.
Following Gillet et al. (2002) and Peringer et al. (2013), four possible classes or
phytocoenosis types of pasture woodland defined by Gallandat et al. (1995) are
recognised: unwooded pasture with <1% tree cover, trees or bushes being mostly
scattered; sparsely wooded pasture with 1-20% tree cover; densely wooded pasture with
20-70% tree cover; and grazed forest with >70% tree cover, appearing as a closed canopy
forest (Gillet and Gallandat, 1996a,b). As the model is based on WoodPaM, which
tracks the number of trees in a grid cell and produces an estimate of total tree cover, it is
possible to examine the outputs in terms of these four classes of pasture woodland.
These classes are considered to represent limits or thresholds between the different
pasture woodland types. Unlike WoodPaM, the modelled spatial unit is considered in
isolation, i.e., flows between different spatial units are not considered, and therefore all
seed inputs are assumed to originate from within the modelled patch.

Code

Description

Equation

o Seedlings

Sding

No. of seedlings in Sding stock

-

o Saplings

Sap

No. of saplings in Sap stock

-

o Young trees

YT

No. of young trees in YT stock

-

o Mature trees

MT

No. of mature trees in MT stock

-

o Deadwood

DW

No. of dead YT and MT

8.23

o Seedling and sapling stress years

YrsstressSdingSap

Consecutive years of stress experienced by seedlings and

-

saplings
o Young tree stress years

YrsStress YT

Consecutive years of stress experienced by young trees

-

í Seedling input

inSding

Annual inflow of seedlings

8.2

í Seedling loss

exSding

No. of seedlings that die annually

8.19

í Seedling to sapling

inSap

Annual inflow of saplings

-

í Sapling loss

exSap

No. of saplings that die annually

8.19

í Sapling to young tree

inYT

Annual inflow of young trees

-

í Young tree loss

exYT

No. of young trees that die annually

8.19

í Young tree to mature tree

inMT

Annual inflow of mature trees

-

í Mature tree loss

exMT

No. of MT that die annually

8.21

í Mature tree to timber

MTLossTimber

No. of mature trees felled annually

8.22

m Seedling cover

SdingC

Proportion of herb layer covered by seedlings

8.6

m Sapling cover

SapC

Proportion of shrub layer covered by saplings

8.7

m Young tree cover

YTC

Proportion of tree layer covered by young trees

8.8

m Mature tree cover

MTC

Proportion of tree layer covered by mature trees

8.9

m Grazing pressure

GP

No. FU

ha-1

on the Open Forest annually

-
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Table 8.1: Details of the main stocks, flows and converters used in the woodland model: parameter name, code denoting parameter in the model,
description of parameter, and equation number. Stocks are indicated by o, flows by í and converters by m.

Parameter

Code

Description

Equation

m Sum of degree days

DDsum

Annual sum of growing degree days

8.1

m Light availability

LA

Light availability at the woodland floor

1-TC

m Light availability in YT layer

MTLA

Light availability in the YT layer

1-MTC

m Drought index

DI

3-month summer SPEI

(◦ C)

m Minimum winter temperature

Tempmw

Actual mean temperature for coldest winter month

-

m Grazing pressure growth factor

gfGP

Relationship between tree growth and GP

-

m DDsum growth factor

gfDDsum

Relationship between tree growth and DDsum

8.11

m Light availability growth factor

gfLA

Relationship between Sding/Sap growth and light availability

8.5

m Drought index growth factor

gfDI

Relationship between drought stress and tree growth

-

m Transit time

Sding/Sap/YTTT Transit time of an individual in the Sding, Sap or YT stock

8.12, 8.13,
8.14

m Tree mortality rate

Treemort

Proportion of trees that die annually

8.18

m Density-dependent mortality

Mortdensity

Proportion of trees that die annually due to density effects

8.15

m Stress-dependent mortality rate

Mortstress

Proportion of trees that die annually due to stress

8.16

m Mortality rate due to windthrow

Mortwindthrow

Proportion of YT and MT that die annually due to windthrow

-

m Age-related mortality

Mortage

Proportion of mature trees that die anually due to age-related

8.17

rate
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Table 8.1: Details of the main stocks, flows and converters used in the woodland model: parameter name, code denoting parameter in the model,
description of parameter, and equation number. Stocks are indicated by o, flows by í and converters by m.

mortality
m Squirrel-induced mortality

Mortsquirrel

Proportion of young and mature trees killed due to debarking

-

by squirrels
Tfr

Proportion of trees felled annually

-

185

m Tree felling rate

186
Chapter 8 : A System Model of the New Forest A&O Woodlands

Figure 8.5: STELLA diagram of the A&O woodland model depicting the stocks, flows, converters and connections detailed in Table 8.1

or
si
p.

Fr
ax

in

tu
Be

la

us

sp

lv
sy
Fa
g

us

ex

ce
l

ic
a
at

ur
ro
b
s
rc
u

Unit
no.
yrs
yrs
yrs
yrs
yrs
yrs
yrs
yrs
yrs
m
m
m
m
no.
no.
◦C
-

4
4
6
10
30
10
40
100
500
1060
0.1
0.6
1.6
4.8
9
2
1042
4655
-17
5
-3.0

4
5
6
10
50
10
50
80
200
430
0.1
0.6
1.6
4.8
1
3
723
4655
-4
2
-1.5

4
2
4
10
20
8
20
60
80
220
0.1
0.5
1.2
3.6
9
1
610
4655
-273
2
-1.5

4
2
4
10
20
8
20
60
200
350
0.1
0.5
1.2
3.6
6
2
980
4491
-17
2
-1.5

ue

Code
SdingperMT
SdingTTmin
SdingTTmax
SapTTmin
SapTTmax
YTTTmin
YTTTmax
MTTTmin
LifeSpan
Agemax
Sdingradius
Sapradius
YTradius
MTradius
Shadetol
GPtol
DDsummin
DDsummax
Tempmw
Droughttol
DItol

Q

Parameter
Number of seedlings per mature treea
Minimum transit time as seedling in herb layera
Maximum transit time as seedling in herb layera
Minimum transit time as sapling in shrub layera
Maximum transit time as sapling in shrub layera
Minimum transit time as young treea
Maximum transit time as young treea
Minimum transit time as mature treea
Typical lifespanb
Maximum agea
Radius of a single seedlinga
Radius of a single saplinga
Radius of a single young treea
Radius of a single mature treea
Species tolerance to shadec1
Species tolerance to grazing pressurec1
Minimum number of degree daysc
Maximum number of degree daysc
Minimum winter temperaturea
Species tolerance to droughtc2
SPEI drought thresholdd

Source: a Peringer et al. (2013), b Fitter and Peat (1994), c Bugmann (1994), d Author
decreasing with value
2
increasing with value
Note: DDmin and DDmax values for Betula spp. are for Betula pendula
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Table 8.2: Details of species-specific parameters for the A&O woodland model.
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Tree establishment

The seed stage is excluded, and tree establishment is represented by the seedling
establishment rate or the annual inflow o f s eedlings ( inSding) t o t he s eedling stock
(Sding). Seedlings are defined a s l iving s tems l ess t han 4 0 c m t all a nd e xist i n t he herb
layer. The inSding flow i s a f unction o f t he number o f m ature t rees i n t he s patial unit,
the frequency of mast years, and a number of climatic factors. Masting is defined a s “the
periodic synchronous production of (very) large seed crops” (Nilsson and Wästljng, 1987)
- cited in Packham et al. (2008, p. 190), and occurs in many temperate and northern
European tree taxa including Fagus, Quercus, Fraxinus, fir, p ines a nd Pseudotsuga
menziesii (Thomas and Packham, 2007). In mast years, seed predators are completely
satiated, and so enough seeds or nuts survive to give rise to a new crop of seedlings
(Packham et al., 2012). This phenomenon is particularly pronounced in Quercus and
Fagus (Hilton and Packham, 2003), although their mast years are not necessarily
synchronous (Thomas and Packham, 2007). Wehrli et al. (2005), in their use of
FORCLIM to examine the dynamics of stand structure in Swiss mountain forests, took
into account the frequency of mast years in their study sites when determining tree
establishment rates. Mast years are the exception, with small seed crops produced in
intervening years (Forestry Commission, 2007b). Fagus experiences a strong masting
pattern that appears to follow a two-year cycle, although heavy or full masts typically
occur every 5-10 years in England and every 4-8 years in mainland Europe (Packham et
al., 2012; Forestry Commission, 2014b). Hilton and Packham (2003), in their analysis of
Fagus masting patterns in England between 1921 and 2001, found that periods between
full mast years ranged from 2 to 10 years. Good mast years in Quercus usually occur
every 2-7 years (Forestry Commission, 2003), and Jones (1959) states that moderate
crops of seed occur every 3-4 years, heavy crops every 6-7 years, and years in which there
is almost complete failure of seed production are frequent.
Data on masting frequency needed as input to the model have been derived from a
number of sources. The English masting survey 1981-2007 found that good masting for
Fagus occurred in the following years: 1980, 1982, 1984, 1987, 1990, 1995, 1997, 2000,
2002, 2004 and 2006, where 1990 was the best year recorded. After each of these good
years, one year of very poor masting normally followed - in both 1981 and 2005 no full
mast was found and very little in 1991 and 2001 (Packham et al., 2008). Hilton and
Packham (2003) reported that years in which the mast could be described as moderate,
good or very good in southern England were 1922 (very good), 1924 and 1926 (good),
1929 (good), 1933 (moderate), 1934 (good), 1936 and 1942 (moderate), 1944 (good),
1946 (moderate), 1948 and 1950 (very good), 1953 and 1956 (good), 1958 (moderate),
1960 (good), 1962, 1964 and 1965 (moderate), 1968 (moderate), 1970 (good), 1976 and
1980 (good), 1982 (good), 1984 (very good), 1987 (moderate). From the Hilton and
Packham (2003) data, all years classified as either ‘good’ or ‘very good’ are considered
good mast years, as well as those ‘moderate’ years that do not occur in the year directly
preceding or following a good or very good year. Thus, ‘good’ mast years between 1921

Chapter 8 : A System Model of the New Forest A&O Woodlands

189

and 1980 are as follows: 1922, 1924, 1926, 1929, 1934, 1936, 1942, 1944, 1946, 1948, 1950,
1953, 1956, 1958, 1960, 1962, 1965, 1968, 1970 and 1976. It is assumed that good mast
years for Fagus occur every two years before 1922 and after 2006, and that Quercus
follows the same masting pattern. Fraxinus excelsior also follows a basically biennial
fruiting/masting pattern (Thomas and Packham, 2007). These authors state that this
species experienced an exceptionally good fruit crop in 1969 following a very poor year in
1968. Therefore, for Fraxinus, it is assumed that a good mast year occurred in 1969,
with alternating good years before and after this date. From Ranta and Satri (2007),
simultaneous high and low pollen years occurred in Betula pendula and B. pubescens
every two years, and high pollen counts were recorded in alternating years beginning in
1977 and ending in 2005. Thus, it is assumed that alternating good years occurred from
1977-2005 and that the same pattern prevailed before 1977 and after 2005.
On the basis of these studies, a sufficient number of seeds are produced in good mast
years to permit seedling establishment even in the presence of seed-eating animals,
assuming climatic conditions allow. In the intervening non-mast years, it is assumed that
the seed crop is so poor that all seeds are eaten and no seedlings germinate. As the seed
stock has a transit time of 1 year, i.e., seeds are deposited in autumn of year t and
germinate in the spring of year t+1, seeds germinate in all years following a ‘good’ mast
year and 4 seedlings per mature tree enter the seedling stock under optimal climatic
conditions, following Peringer et al. (2013). Although masting patterns can be influenced
by a number of environmental factors, such impacts are not considered in this study.
The climatic factors that influence seedling establishment are employed in an ‘all or
none’ sense, i.e., if one or more of the factors does not meet the requirements of a
particular species in a given year, no seedlings of that species will establish in that year,
even if there are viable seeds present. These factors are:
- Minimum winter temperature (Tempmw ): if the minimum winter temperature falls
below species’ winter cold tolerance, seedlings do not establish;
- Sum of degree days (DDsum ): seedling establishment is prevented if DDsum is below the
minimum or above the maximum species-specific threshold values;
- Drought Index (DI): seedling establishment is prevented if the drought index exceeds
the species-specific drought tolerance.
The minimum winter temperature, Tempmw , is the actual mean temperature for the
coldest winter month (December, January or February) each year. A time series for this
parameter for the 1660-2014 period was calculated using the monthly mean temperature
records for the Southampton Weather Station (Jan 1855-Mar 2000) and the HaDCET
(Hadley Centre Central England Temperature) series (Jan 1659-Nov 2014) (Parker et al.,
1992). The final series consisted of the entire original Southampton series for the Jan
1855-Mar 2000 period. For the 1660-1854 and Apr 2000-Nov 2014 periods, values were
estimated via linear regression of the Southampton series with the Central England
Temperature series, as described in Section 6.2.2. The Tempmw time series for the
1660-2014 period is depicted in Figure 8.6.
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Figure 8.6: Minimum winter temperature for the Jan 1660-Dec 2014 period as calculated from the Southampton Weather Station and HadCET monthly mean temperature
records. The blue line represents a 7-point moving average smooth.

Degree days are “the mean number of degrees by which the air temperature has gone
above [as in this case], or below, a threshold, calculated day by day and summed over a
period of days. Days when the temperature has not gone above (or below) the threshold
at any point in the day do not contribute to the total” (Met Office, 2013). Here, we are
interested in growing degree days, which are defined by a threshold of 5.5 ◦ C. The annual
sum of degree days represents the direct effects of growing season temperature on tree
establishment and growth. In WoodPaM, this parameter influences the establishment of
seedlings and the growth rate of seedlings, saplings, young trees and mature trees. When
DDsum is either below the minimum tolerated value or above the maximum tolerated
value in a given year, seedlings will fail to establish. Between the species-specific
minimum and maximum values for this parameter, the growth response function is
represented by a parabolic equation. DDsum threshold values are taken from Bugmann
(1994), as this provides values for all species included in this model.
Temperature effects on growth are incorporated via the relationship between the annual
sum of degree days and tree growth rates, described via a parabolic equation after
Botkin et al. (1972a,b). This equation assumes that the growth rate declines to zero at
minimum and maximum values of growing degree days, and are at a maximum at the
midway point between these two values. This parameter is calculated using the mean
monthly temperature series for the Southampton weather station 1659-2014 period as
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described in Section 6.2.2. However, Bugmann and Solomon (2000) point out that, in the
calculation of DDsum , it is important to take into account the fact that the length of the
growing season differs for deciduous and coniferous trees. Thus, this parameter was
calculated using data from Apr-Sep only (duration of the growing season) for deciduous
species (Eq. 8.1). The time series for DDsum for deciduous and coniferous species
1659-2014 are shown in Figure 8.7.

X

DDsum =

((M AX(T empm − 5.5, 0)) ∗ 30.5)

(8.1)

Apr...Sep

where
Tempm = mean monthly temperature in ◦ C
5.5 = development threshold for vegetation in ◦ C
30.5 = average no. of days per month
The drought index (DI) used here is the Standardised Precipitation-Evapotranspiration
Index (SPEI), an annual index. Full details of the calculation of this index and the
results obtained are provided in Sections 6.2.3 and 6.3.1 respectively. The three-month
SPEI for August is used, as this is a measure of drought conditions during the summer
months. This timescale has been chosen as several studies have indicated that in cool
temperate moist forests with a positive water balance, vegetation responds most strongly
to drought at short timescales, i.e., 3-6 months (García-Suárez et al., 2009; Pasho et al.,
2011; Lévesque et al., 2013; Mette et al., 2013; Lévesque et al., 2014).
As the drought index used in this study differs from that used in WoodPaM, SPEI
threshold values for Quercus robur and Fraxinus excelsior in southern England have been
estimated based on the drought tolerance classes from Bugmann (1994) - see Table 8.2.
The SPEI has values between -3.0 and 3.0, where the lower the value the more severe the
drought and 0 represents ‘normal’ precipitation levels. From Bugmann (1994), the taxa
used in this model can be classified into one of five drought tolerance classes (1-5,
drought tolerance increasing with value) as follows: Quercus: 5; Betula, Fagus, Fraxinus:
2. When comparing the SPEI to the drought tolerance thresholds from Bugmann (1994),
the highest drought tolerance value of 5 was equated to the lowest SPEI value of -3.0
(indicating the most extreme drought), the lowest drought tolerance value of 1 was
equated to a SPEI value of -1.0 (indicating the threshold between normal precipitation
and moderate drought conditions), and the remaining FORCLIM drought tolerance
values were equated to SPEI values at intervals of 0.5. The drought response curves are
depicted in Figure 8.8. Therefore, the drought thresholds for establishment are: -3.0 for
Quercus, thus assuming that these most drought tolerant seedlings will establish even in
the case of extreme drought. Fagus, Fraxinus and Betula have a threshold value of -1.5
(moderate to severe drought).
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Figure 8.7: DDsum time series for deciduous and coniferous species 1659-2014. The red
and blue lines represent a 7-point moving average smooth.

The rate of seedling establishment for a particular species can be described as follows:
inSding = IF T empmw > species threshold
AN D minimum species threshold < DDsum < maximum species threshold
AN D DI < species drought threshold
T HEN M T ∗ Sding per M T
ELSE 0
(8.2)

8.2.3.2

Tree growth

Tree growth is represented by the number of years that a tree spends in the relevant life
stage, and is represented in the model by the transit time, TT. Minimum transit times
for seedlings, saplings and young trees reflect growth rates under optimal conditions and
maximum transit times under non-optimal conditions, where a tree’s growth rate and
hence its progression to the next life stage is hindered. For mature trees, the minimum
transit time indicates the number of years the tree spends in this life stage under
conditions of stress. Adverse conditions result in a reduction in the transit time of trees
in this stock as they die prematurely and pass into the deadwood stock - mature tree
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transit time is dealt with in the tree mortality section.
Both seedling and sapling growth are affected by grazing pressure, light availability
(young and mature tree cover) drought, and temperature (sum of degree days). In
WoodPaM, growth in these stages is also affected by the carrying capacity of the next
life stage, but in the present model density effects are dealt with under tree mortality.
For each of these parameters, there are threshold values above or below which the tree
will not establish. In between these thresholds, there is a range of values within which
the tree will survive but with modified growth. As per FORCLIM, the influence of each
of the four factors on growth is expressed via growth factors - LightGrowthFactor
(gfLA), GPGrowthFactor (gfGP), DDsum GrowthFactor (gfDDsum ) and DIGrowthFactor
(gfDI) - which range in value from 0 to 1 and increase in value as the growth rate
increases, up to the maximum growth rate/minimum transit time under optimal
conditions. Seedling minimum transit times under optimal conditions are 5 and 4 years,
and maximum times under non-optimal conditions are 6 and 6 years for Fagus and
Quercus respectively. For those taxa not included in the WoodPaM model, no values for
transit time exist. In these cases - Fraxinus, Betula - the minimum transit time in the
seedling stage was set to 2 years and the maximum to 4 years.
Light availability, LA (1-TC): shade from shrubs and saplings as well as young and
mature trees impacts growth. Following Bugmann (1994), the relationship between light
availability in the herb layer and seedling growth is represented by a light growth factor
that decreases as light availability decreases. The light growth factor for each taxon is
calculated by interpolation between the light response functions for the most
shade-tolerant and the least shade-tolerant species (Eq. 8.3 - Eq. 8.4), and depends on
light availability. This relationship is depicted in Figure 8.8 for each of four taxa and in
Eq. 8.5. The light growth factor ranges from 0 to 1 and increases in value as growth rates
increase. This factor, together with the gfGP, gfDD and gfDI, is applied to maximum
possible tree growth (i.e., TTmin ) to hinder the transition between different life stages.

gL1 = 1 − e−4.64∗(LA −0.05)

(8.3)

gL9 = 2.24 ∗ (1 − e−1.136∗(LA −0.08) )

(8.4)

where
gL1 = light response function of the most shade tolerant species
gL9 = light response function of the least shade tolerant species
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gL9 − gL1
gf LA = M AX gL1 + (Tst − 1) ∗
,0
8

(8.5)

where
gfLA = light growth factor
Tst = shade tolerance of adult tree. Note that in WoodPaM, differences in shade
tolerance between seedlings and saplings are reflected in individual values for each of
these life stages, where appropriate. In FORCLIM a single shade tolerance value is given
for each species, which relates to the tolerance of adult trees. Here, the FORCLIM values
are used as this model provides values for all species present in the A&O woodlands, see
Table 8.2.
The area covered by each of the life stages is determined by the equations below - each of
these parameters has a value between 0 (0% cover) and 1 (100% cover). Light availability
for the seedling and sapling life stages is 1-TC (total tree cover), and light availability for
the young tree life stage is represented by 1-MTC (mature tree cover). Total tree cover
(TC) is the sum of the species-specific YTC and MTC. The contribution to shade of
non-tree species in the herb layer and shrubs in the shrub layer is not considered.

SdingC =

Sding ∗ Π ∗ Sdingradius 2
1.1 ∗ 1250

(8.6)

SapC =

Sap ∗ Π ∗ Sapradius 2
1.1 ∗ 1250

(8.7)

Y TC =

Y T ∗ Π ∗ Y Tradius 2
1.1 ∗ 1250

(8.8)

MTC =

M T ∗ Π ∗ M Tradius 2
1.1 ∗ 1250

(8.9)

TC = Y T + MT

(8.10)

where 1250 is the area in m2 of the spatial unit and 1.1 is the degree of crown overlap
permitted (i.e., 10% crown overlap as per WoodPaM (Gillet, 2008; Peringer et al., 2013)).
Grazing pressure, GP: In the context of the impacts of large herbivores on the pasture
woodlands, both grazing (mainly by cattle and ponies) and browsing (mainly by deer)
must be considered. For the purposes of this model, a single parameter, ‘grazing
pressure’, was used to represent both grazing and browsing pressure. The grazing
parameter differs somewhat to the browsing intensity in the herb layer parameter (BIh)
employed by WoodPaM. In WoodPaM, BIh represents the proportion of browsed
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seedlings/saplings in the herb or shrub layer, and incorporates a number of factors that
influence this including stock density, sapling density and the presence of safe sites. In
this study, GP simply represents the density of large grazing and browsing herbivores on
the Open Forest (FU ha-1 ) and reflects, at least to a certain degree, the area of land
available to ponies, cattle and deer through time, as well as the feeding and habitat
preferences, size and feeding strategy of these animals, but does not include any measures
of species-specific susceptibility to grazing/browsing or the presence of safe ‘nursery’ sites
for seedlings and saplings. The grazing pressure index for 1787-2014 is depicted in Figure
6.7. A constant GP for ponies, cattle and deer is assumed over the entire Open Forest.
Susceptibility to grazing and browsing pressure differs among tree species. As FORCLIM
provides susceptibility to grazing/browsing values for more species than WoodPaM,
grazing susceptibility values are obtained from the former. Grazing impacts are
considered in relation to the growth and mortality of both seedlings and saplings.
Grazing can result in reduced seedling and sapling growth when the GP is greater than
zero, up to a threshold value above which no seedlings can survive. The degree to which
growth is reduced, and the likelihood that the tree will die when grazed, depends on
both the grazing pressure and resistance to grazing. The grazing pressure factor growth
curves depicted in Figure 8.8 have been modified to take into account the impact of
grazing on the different taxa. Three different curves have been produced to reflect the
three different grazing susceptibility levels - 1 (low susceptibility), 2 (medium
susceptibility) and 3 (high susceptibility). This approach assumes no decline in growth
with increasing grazing pressure for the least susceptible taxon (Betula), an inverse linear
relationship between grazing pressure and growth between zero grazing pressure and the
hypothesised GP threshold value of 0.16 FU ha-1 (following Tubbs (2001)) for Fagus,
which has the highest susceptibility to grazing, and a gradual decline in growth for those
with medium susceptibility (Quercus and Fraxinus), down to zero growth at a feeding
unit density of 0.16. As stress-induced mortality occurs when any one of the four growth
factors is 0.1 or less, the growth factor curve for those species with high and medium
susceptibility to browsing is equal to 0.1 when GP = 0.16, and grazing will not result in
either reduced growth or death for those with low susceptibility.
Drought index, DI: Drought impacts on trees can occur in three ways: (1) an initial pulse
of mortality, where a drought event causes the immediate death of a certain proportion of
the population - this proportion can vary depending on species, tree age and the severity
and duration of the drought; (2) tree mortality for a certain number of years following
the drought event; and (3) reduced tree growth rates in the year of the drought event
and in subsequent years in surviving trees, where growth rates recover after a number of
years but do not necessarily return to pre-drought levels. Growth rates in surviving trees
is dealt with in this section. Tree death, in both the year of the drought event and in
subsequent years, is addressed in Section 8.2.3.3. Tree growth for all species declines
gradually from maximum growth (i.e., minimum transit time) under normal (or wet)
precipitation conditions (i.e., SPEI value of between 3.0 and 0), to zero growth at the
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species-specific threshold as detailed in Section 8.2.3.1. The drought response curves are
depicted in Figure 8.8, which are based on the drought-response curves from Bugmann
(1994) and Schumacher et al. (2004). The use of a drought growth response curve
permits the examination of tree growth response to degrees of drought exposure (Petr
et al., 2014). In the case of seedlings, saplings and young trees, drought-induced growth
reductions are assumed to occur in the year of the drought event only. As understanding
the mortality rates of mature trees following drought is of greatest interest,
drought-induced growth reductions in this life stage are not incorporated into the model.
Sum of degree days, DDsum : the relationship between the number of degree days and
seedling growth follows the approach taken by Peringer et al. (2013). This employs a
parabolic equation (Botkin et al., 1972a,b) to describe growth reduction between the
minimum and maximum threshold values for DDsum . This relationship is shown in
Figure 8.8 and Eq. 8.11.

gf DDsum = 4 ∗ (

(DDsum − DDmin ) ∗ (DDmax − DDsum )
(DDmax − DDmin ) ∗ (DDmax − DDmin )

(8.11)

where
gfDDsum is the degree day growth factor
DDmin is the species-specific minimum degree days threshold
DDmax is the species-specific maximum degree days threshold
DDsum is the annual sum of degree days
In this model, the four growth factors are applied to the minimum transit time according
to Eq. 8.12, as per Bugmann (1994):

SdingT T = M IN

SdingT Tmin
√
, SdingT Tmax
3
gf LA ∗ gf GP ∗ gf DDsum ∗ gf DI

where
SdingTT = seedling transit time in years
gfLA = light growth factor
gfGP = grazing pressure growth factor
gfDDsum = degree days growth factor
gfDI = drought growth factor
SdingTTmin = minimum transit time in the seedling life stage in years
SdingTTmax = maximum transit time in the seedling life stage in years
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Drought Index

Figure 8.8: Growth factor curves for the woodland model. Clockwise from top-left:
Light availability; Grazing pressure; Drought stress; Sum of degree days.

Saplings are present in the low shrub layer from 40-150 cm. These are defined as living
stems greater than 40 cm tall with a dbh of less than 7 cm. As with seedlings, their
growth and survival are affected by grazing pressure, climate and shade (from the main
canopy). Transit times under optimal conditions are 10 years for both Quercus and
Fagus and under non-optimal conditions are 30 years for Quercus and 50 years for Fagus.
It is assumed that all seedlings that survive to their final year in the herb layer will make
the transition to the sapling stage, and they do so automatically at the end of their time
in the seedling stock. If the number of seedlings making the transition to sapling in any
one year causes the carrying capacity of the shrub layer to be exceeded,
density-dependent competition comes into play and a proportion of the saplings will die.
For Fraxinus and Betula, the minimum transit time in the sapling layer was set to 10
years and the maximum to 20 years.
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As for the seedling life stage, these four growth factors are applied to the minimum
transit time as follows:

SapT T = M IN

√
3

SapT Tmin
, SapT Tmax
gf LA ∗ gf GP ∗ gf DDsum ∗ gf DI



(8.13)

where
SapTT = sapling transit time in years
gfLA = light growth factor
gfGP = grazing pressure growth factor
gfDDsum = degree days growth factor
gfDI = drought growth factor
SapTTmin = minimum transit time in the sapling life stage in years
SapTTmax = maximum transit time in the sapling life stage in years
Young trees are trees that are tall enough to escape browsing in the shrub layer but not
yet mature enough to produce seeds. In WoodPaM, young trees have a height of >150
cm and are present in the high shrub layer and the tree layer. The flow of trees into this
life stage is equal to the number of saplings in the shrub layer that have survived to their
final year in that layer, unless the total canopy area of these trees exceeds the carrying
capacity of the spatial unit. In this case, those young trees that cannot be supported will
die. The carrying capacity of the young tree layer is reached when the young tree canopy
cover (YTC) equals 1.
Quercus trees have a minimum and maximum transit time in the young tree layer of 10
and 40 years respectively, while the figures for Fagus trees are 10 and 50 years. As with
seedlings and saplings, young tree growth under optimum conditions is reflected in the
transit time of the tree in this life stage. In WoodPaM, growth from sapling to young
tree is affected only by total tree cover, however other gap models such as FORCLIM,
also consider the effects of climatic variables. In this model, growth is affected by DDsum
and drought, as well as shade from mature trees (MTC). For Fraxinus and Betula, the
minimum transit time was set to 8 years and the maximum to 20 years
Thus, the transit time of a young tree is determined as follows:

Y T T T = M IN

Y T T Tmin
√
, Y T T Tmax
3
gf M T LA ∗ gf DDsum ∗ gf DI

where
YTTT = young tree transit time in years
gfMTLA =light growth factor
gfDDsum = degree days growth factor
gfDI = drought growth factor
YTTTmin = minimum transit time in the young tree life stage in years
YTTTmax = maximum transit time in the young tree life stage in years



(8.14)
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Tree mortality

In the original and revised WoodPaM models, seedling and sapling death rates are
influenced by shading and browsing, and young tree and mature tree death by total
(YT+MT) tree cover. In this model, age-related/intrinsic mortality, drought stress,
windthrow, debarking and bark-stripping by grey squirrels and
density/competition-related mortality are also included as factors that influence
mortality rates. Dead young and mature trees (but not seedlings or saplings) feed into
the deadwood (DW) stock. Mortality flows are defined by exponential leakage fractions
or mortality rates, where “the amount that leaks from each slat within the leakage zone
is equal to the slat contents*leakage fraction, generating an exponential decay in the
amount leaked across the leakage zone...the total amount leaked changes with the length
of the leakage zone” (isee Systems, 2015b).
Therefore, there are four distinct mortality rates or functions that influence tree death:
Disturbance-related mortality, Mortdisturbance : Thomas and Packham (2007) describe a
disturbance as something that causes the partial or total destruction of plant biomass
through trampling, mowing, ploughing, tree felling, pathogen and herbivore activity,
wind damage, frost, drought, soil erosion and fire. Here, extreme weather events
including severe drought and windthrow are of greatest interest. Drought is dealt with
under both disturbance-related (i.e., immediate tree death in the drought year and death
in subsequent years due to a specific drought event), and stress-related mortality
(non-immediate tree death that results from a specified number of years of consecutive
stress) - these affect trees at all stages of the life cycle although not necessarily to the
same degree. Windthrow is simulated as a periodic event that results in the death of a
specified proportion of the tree stock annually and affects only the MT stock.
Disturbance-related mortality occurs only as a result of drought or windthrow for mature
Quercus and Fagus trees and as a result of drought for young Betula trees.
Estimates of tree death from these disturbances are based on empirical data from specific
events in the New Forest, and are detailed in full in Section 8.2.4.2. Data on tree death
due to windthrow are derived primarily from Mountford et al. (1999), Mountford (2001),
Tubbs (2001) and Mountford and Peterken (2003). Values for drought-induced tree
mortality both in the year of the drought event and in subsequent years were obtained
primarily from Mountford et al. (1999), Tubbs (2001), Mountford (2001), Mountford and
Peterken (2003), Cavin et al. (2013) and Sanders et al. (2014). In the case of windthrow,
evidence suggests that storm events have a greater adverse impact upon Fagus trees and
in particular upon trees in leaf, ancient trees and trees of greater size (Schumacher et al.,
2004). Tubbs (2001) suggested that older trees may experience lower mortality rates
after drought and windthrow events, although several authors including Goff and West
(1975) and Mountford et al. (1999) have found the opposite. Although the majority of
studies examining drought impacts on trees focus on mature trees, Watt (1923) - cited in
Packham et al. (2012), stated that Fagus seedlings are readily killed by drought. As
mature trees are generally more susceptible to windthrow and drought events,
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disturbance-related mortality affects only trees in the mature tree stock. Tree mortality
in the seedling, sapling and young tree stocks are affected by drought via the
stress-related mortality function. The only exception to this is Betula, where younger
trees have been shown to be more susceptible to drought than mature trees (Peterken
and Mountford, 1996), therefore the YT stock will be impacted by disturbance-related
mortality for this taxon.
When a drought exceeds the species-specific drought tolerance, a certain proportion of
the MT stock will die in the year of the event. A proportion of trees will die immediately,
i.e., in the year of the event, and a proportion will die each year for a certain number of
years following the event - these values are species-specific and are as follows:
- Fagus: if a drought event exceeds SPEI -1.5, 0.2 of the MT stock will die following the
event - these deaths are spread evenly over the 10 years following the event. It is
assumed that all of the deaths affect older trees, i.e., trees in the latter 50% of the MT
stock. These data have been derived primarily from Peterken and Mountford (1996),
Mountford et al. (1999), Mountford (2001), Mountford and Peterken (2003) and Cavin
et al. (2013) in relation to studies in Lady Park Wood and Denny Wood (New Forest). If
another drought event that exceeds the drought tolerance occurs within 10 years of the
first event, there will be no additional impacts in terms of disturbance-related mortality.
There are no impacts on young trees, but seedlings and saplings will suffer high
mortality rates if two or more consecutive years of severe or exceptional drought occur see section on stress-related mortality below;
- Quercus: no deaths following drought events in either the year of the event or in
subsequent years;
- Betula: 40% of Betula die following a drought event that exceeds the drought threshold
- this information is taken from Peterken and Mountford (1996), which states that
primarily younger (post-1944) Betula were affected by drought. The death rate affects
only trees in the YT stock. Drought does not cause mortality in the MT stock. Seedlings
and saplings suffer high rates of mortality if two or more consecutive years of severe or
exceptional drought conditions occur.
Windthrow-related mortality relates to the effects of storms that occurred over the last
three decades. The windthrow mortality rate is applied only to the MT stock in the year
of known severe storm events: of the mature Fagus stock, 2% are felled in the year 1976,
4% in 1987, 7% in 1990 and 4% in 2013; of the mature Quercus stock (which is less
susceptible to windthrow), 1% is felled in each of these years.
Under disturbance-related mortality, Fagus mortality as a result of bark-stripping by
grey squirrels is also included. The effects of deer and pony debarking are not included
in the model as insufficient information was available regarding this behaviour. Although
bark-stripping does not necessarily lead to the immediate death of the tree, it is assumed
that a certain proportion of young and mature trees die as a result of bark-stripping by
squirrels from the 1970s onwards, when the effects of this behaviour first became
apparent. An approximate estimate of 1% of Fagus trees killed per annum between 1970
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and 2014 is employed - this mortality factor affects only young trees and mature trees in
the first one-fifth of the MT stock (roughly equivalent in age to C and younger
B-generation trees). Mortality rates are estimated primarily from information provided
in Mountford et al. (1999), Mountford (2001) and Mountford and Peterken (2003). The
model does not incorporate effects on the growth of trees. Zero mortality is assumed for
the other species in the model, as Quercus is not susceptible to bark stripping, and no
information regarding the impacts of bark-stripping for Fraxinus or Betula was found.
Density-dependent mortality, Mortdensity : this mortality rate represents mortality due to
self-thinning and competition as a consequence of stand development through time
(Johnson et al., 2002). For each of the four life stages, the carrying capacity is reached
when the total cover of the trees in that layer reaches 1. For each life stage, a separate
density-dependent mortality exit flow is included. For these stocks, once the carrying
capacity has been exceeded, the number of individuals by which the limit is exceeded
will die. For the seedling life stage, as it is the first stock in the chain, a capacity limit of
43,790 individuals can be set, which is equivalent to a cover of 100% of the plot. For all
subsequent stocks, incoming individuals that cause the total cover to exceed 100% will
be removed from the model through the exSapdensity , exYTdensity and exMTdensity flows.
The proportion of losses relating to each species reflects the proportion of the total
number of trees that each of the species comprise. The proportion of trees lost annually
for each species due to density-dependent mortality is defined according to Eq. 8.15. The
total loss is equal to the sum of the losses for all species.

M ortdensity = IF T reeC > 1 AN D T ree[Species] > 1


T reeC − 1
T ree[Species]
P
T HEN M IN
∗
, 0.95
T reeC
T ree[Species]

(8.15)

ELSE 0

Stress-related mortality, Mortstress : Thomas and Packham (2007) state that a stress
constitutes an external constraint that limits the rate of growth of all or part of the
vegetation and can include light, water or nutrient shortages or suboptimal
temperatures. Although Grime (2012, p. 1169) defines the activities of herbivores as a
disturbance (“associated with the partial or total destruction of the plant biomass”)
rather than a stress (“conditions that restrict production”), the effects of large grazing
and browsing herbivores on tree seedlings and saplings are included in this model under
stress-related mortality, via their effect on growth. Here, grazing pressure, shade and
drought (drought events that are severe enough to adversely affect tree growth, but not
so severe that they cause the outright death of the tree), are the stress factors, although
their importance varies depending on the life stage of the tree. Seedlings and saplings
can die as a result of grazing pressure, drought and shade from the main canopy (YTC +
MTC), and young trees can die from drought and shade from the main canopy.
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The incorporation of stress-induced mortality is based primarily upon the approach used
in FORCLIM (Bugmann, 1994) and a modified version of the LANDIS model
(Schumacher et al., 2004). This approach was favoured over that used in WoodPaM, as
it allows for consideration of the cumulative effects of multiple years of non-optimal
conditions on tree survival. Mortality is related to tree growth, where only a small
fraction of trees will survive if they are subjected to stress for a specified number of
years, i.e., if they experience reduced growth, providing a link between tree growth and
mortality (Bugmann and Solomon, 2000). Trees experience stress in a particular year if
one or more of the four growth factors (gfLA, gfGP, gfDDsum and gfDI in the case of
seedlings and saplings, gfMTLA, gfDDsum and gfDI in the case of young trees) is 0.1 or
less. Stress-related mortality is not considered for mature trees, as death due to
windthrow and drought for this life stage is dealt with under disturbance-related
mortality. If stress conditions continue for a minimum number of consecutive years,
Yrsstressmin , the fraction of surviving trees in a cohort is set at 10%. If none of the growth
factors is less than 0.1 in a given year, then the counter for the number of stress years is
set back to zero.
To account for species-specific responses to different types of stress, in particular drought
stress and shade stress, Yrsstressmin varies according to species and stress factor as well as
tree life stage. For the shade-intolerant Quercus, Yrsstressmin is set at 8 years for seedlings
and saplings and 20 years for young trees. For Betula, these values are 2 and 10 years for
seedlings/saplings and young trees respectively. Fraxinus and Fagus, the most
shade-tolerant species, can survive for 20 years under shade stress at all life stages. In
relation to drought, for Fagus, Fraxinus and Betula seedlings and saplings, Yrsstressmin is
2 years for seedlings and saplings and 10 years for young trees, and for Quercus it is 5
years for seedlings and saplings and 10 years for young trees. For grazing pressure,
Yrsstressmin is 10 years for Quercus seedlings and saplings and 5 years for all other species.
If the Yrsstressmin is reached for one or more of the four stress factors for a particular life
stage, 90% of the individuals in that life stage will die. The survival of 10% of
individuals even under multiple years of stressful conditions reflects the heterogeneous
response of individuals to particular pressures due to, e.g. genetic variation, and the
uneven spatial distribution of pressures, e.g. uneven and irregular grazing of the
woodland habitat by large herbivores. Spatial heterogeneity in grazing pressure means
that even under high stocking densities, some seedlings and saplings will grow
unimpeded by grazing, e.g. McEvoy et al. (2006).

M ortstress = IF Y rsstress ≥ Y rsstressmin T HEN 0.90 ELSE 0

(8.16)

Age-related mortality, Mortage : age-related mortality is the constant probability of death
throughout the lifetime of the tree. In FORCLIM (Bugmann, 1994; Schumacher et al.,
2004), this parameter assumes that only 1% of trees will reach their species-specific
maximum lifespan. The annual tree mortality rate is assumed constant over time, and is
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expressed as the negative exponential curve for survivorship which, according to Johnson
et al. (2002, p. 124), “has been widely used to express the constant exponential decrease
in numbers of individuals within a cohort per unit time”. Thus, the intrinsic mortality
rate is calculated according to Eq. 8.17 and yields values of 0.00434 for Quercus, 0.01065
for Fagus, 0.01307 for Fraxinus and 0.02072 for Betula. In the model, this mortality rate
is applied annually only to the mature tree stock.

M ortage = 1 − eln(0.01)/Agemax

(8.17)

In the model, age-related, density-dependent, stress-dependent and disturbance-related
mortality functions are represented by four distinct exit flows or ‘leakages’ from each
conveyor. Flow prioritisation dictates that each of the mortality functions affects the
stock in the following order: firstly, as per Bugmann (1994), any disturbance event(s)
will result in the loss of a specified proportion of the stock; secondly, those individuals
that survive are subject to density-dependent mortality; thirdly, remaining trees are
affected by stress-dependent mortality; and lastly, in the mature tree life stage, surviving
individuals may succumb to age-related mortality.
The overall mortality rate for each of the seedling, sapling and young tree stocks,
TreeMort , is calculated as follows, and can never exceed 0.95:

T reemort = M IN ( M ortdisturbance + M ortdensity + M ortstress , 0.95)

(8.18)

The number of trees lost each year from each of the three stocks is the product of
Treemort and the number of trees in the appropriate stock:

exT ree = T ree ∗ T reemort

(8.19)

The transit time in the mature tree stock is assumed to be equal to the maximum tree
age - this is a slight overestimation as the maximum age should also include the time
already spent in the Sding, Sap and YT stages. However, as the transit times in each of
these life stages are variable, and even at their maximum constitute a relatively small
proportion of the entire life span of the tree, the maximum possible length of the mature
tree life stage is reasonably close to the maximum tree age. Maximum transit times are
detailed in Table 8.2. As previously stated, as drought stress-related mortality in mature
trees is included in the disturbance-related mortality function, and there is no clear link
between growth rates and longevity, it is assumed that trees that do not succumb to
drought or windthrow events, and that are not felled for timber production, will survive
and be subject only to age-related mortality. Thus, mature trees are subject to
disturbance-related, density-dependent and age-related mortality.
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M Tmort = M ortdisturbance + M ortdensity + M ortage

(8.20)

exM T = M T ∗ M Tmort

(8.21)

Timber felling: Jones (1959) states that trees for building, ships etc. during the 18th -20th
centuries were generally felled between 70 and 100 years of age, although Tubbs (2001)
states that a Quercus tree suitable for the Navy was typically a large crowned Quercus of
150 years or more. Here, both estimates of timber tree age are adopted, and so the Tfr
parameter affects the entire age range of the MT stock. This is expressed as the
proportion of trees felled in the spatial unit each year. This applies only to Quercus, to
reflect the preferential felling of this tree. In the order of outflows from the MT stock,
the Tfr loss fraction is applied first, i.e., at the beginning of each time step, the specified
proportion of timber is felled, and then the remaining trees are subject to disturbance,
density, stress and age-related mortality in that order.
Although there are timber felling records from 1700-1840 (when felling for Navy timber
ceased), it is not possible to know in exactly which part of the Forest the felling took
place. Tubbs (2001) states that the unenclosed woods supplied much of the timber
produced in the Forest in the 17th and 18th centuries, and that timber felling to supply
the Navy began in these woodlands in the year 1608 with large-scale felling initiating
around 1630.

M TLossT imber = M T ∗ T fr

(8.22)

The deadwood (DW) stock is the sum of dead young and mature trees.

DW = exY T + exM T

(8.23)
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8.2.4
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Model validation

The woodland model was validated in two ways:
- A preliminary model validation via comparison of the model outputs for the
AD1500-2014 period to reference behaviour patterns for typical secondary succession in a
lowland temperate deciduous woodland. This step served to assess model realism,
defined by Johnson et al. (2002, p. 155) as “the qualitative similarity between model
projections and the real world”.
- A comparison of the retrospective modelling outputs for the AD1500-2014 period to
known historic tree species composition in the A&O woodlands. This step served to
assess the accuracy of the model outputs in terms of tree species composition and the
responses of each of the four taxa to specific disturbances and stresses.

8.2.4.1

Preliminary model validation - comparison of model outputs to
reference behaviour patterns

The evolution of the modelled patch under a range of conditions was examined via four
separate scenarios based on different combinations of the main drivers of woodland
dynamics, and the outputs compared to a reference behaviour pattern (RBP). Stand
development and woodland succession were simulated via a global seed rain containing
100 seedlings of each species (Quercus only for scenario a-i; Quercus and Fagus for
scenarios a-ii, b, c and d), as per Mette et al. (2013). The model was run over a period of
514 years from AD1500 to AD2014. It was assumed that prior to the initialisation of the
model, this patch was recently subjected to a stand-initiating disturbance such as
clear-felling. The four scenarios (a-d) examined are detailed in Table 8.3.
The reference behaviour patterns describing typical secondary succession in Quercus and
mixed-species lowland deciduous woodlands in temperate systems, have been derived
from Rackham (1980), Harmer et al. (2001), Johnson et al. (2002) and Blakesley and
Buckley (2010), with some additional New Forest-specific information on past woodland
dynamics from Tubbs (2001). The reference behaviour patterns to which the outputs of
scenarios a-d are compared, and the results of this comparison are as follows:
Scenario a-i: Optimal conditions - Quercus only:
This is compared to RBP1 - the Johnson et al. (2002) reference behaviour pattern
describing secondary succession of natural Quercus stands in temperate systems, in the
absence of exogeneous disturbances that eliminate the overstorey. Beginning with the
establishment of tree seedlings, typical stages in this succession are:
(i) Stand initiation stage - pre-established reproduction (seedlings) grows rapidly and
new trees and other plants appear. Typically lasts 10-20 years. Stand development
subject to significant natural variation.
(ii) Stem exclusion stage - usually begins after the stand reaches 10 years of age and
finishes when it reaches 70 years of age. No new trees appear and density-related
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Table 8.3: Details of the four scenarios used in the preliminary model evaluation.

Model scenario
a

i Quercus only

Model scenario description

RBP

Figure ref.

‘Optimal’ conditions - no windthrow events, DI of zero (normal precipitation), no timber

RBP1

8.9

RBP2

8.10

RBP2

8.10

RBP2

8.11

felling or other management practices, GP of zero, DDsum of 2846 (the mean of the
DDsum values at which the growth rate is at a maximum for all taxa). Growth reduction
availability, density-dependent mortality or age-related mortality. Initialised with 1,000
Quercus seedlings.
ii Quercus & Fagus

Same as scenario a-i. Initialised with 1,000 Quercus seedlings with the introduction of
Fagus at 40 years once the Quercus woodland has established, with an input of 4
seedlings every two years from year 40 to year 50

b

Quercus & Fagus

Drought events - actual drought data (DI) as detailed in Section 8.2.3 from 1766-2014;
prior to 1766 the index is set to -1.51 every 20 years beginning in the year 1500 - this
represents the frequency with which droughts of this severity occurred during the
1766-1866 period (in the years 1780, 1800, 1818, 1826 and 1864), for the remainder of the
years 1500-1766, DI is set to zero, which represents ‘normal’ precipitation. For all other
parameters, values are the same as scenario a. Initialised as per scenario a-ii

c

Quercus & Fagus

Grazing pressure - grazing pressure (GP) data from 1500-2014 as described in Section
8.2.4.2. For all other parameters, values are the same as scenario a. Initialised as per
scenario a-ii
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and mortality occur only as a result of endogeneous stand processes, i.e., insufficient light

Model scenario
d

Quercus & Fagus

Model scenario description

RBP

Figure ref.

All data - the model is run using data for all parameters - grazing pressure, drought,

RBP2

8.11

windthrow, squirrel damage. For DDsum , a mean value of 1618.21 is used from 1500-1658
as no data is available prior to this date - this value lies within the minimum and
maximum thresholds for all taxa, and from 1659-2014 the actual data is used. For
Tempmw , a mean value of 3.5 ◦ C is used pre-1658 and the actual data 1659-2014.
Initialised as per scenario a-ii
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mortality kills many of those present. During a century of even-aged Quercus woodland
development, over 95% of the trees initially present will die, largely due to self-thinning
in the subordinate crown classes. Thus, the overall rate of mortality is greatest during
the stem exclusion stage, although it also occurs amongst dominant and co-dominant
trees. During this stage, there is full or nearly full crown closure and a corresponding full
utilisation of the growing space.
(iii) Understorey reinitiation stage - seedlings establish beneath the overstorey and
develop into understorey trees once canopy gaps appear and light availability increases.
Takes place in stands 50-120 years old.
(iv) Complex stage - older trees die of natural causes creating canopy gaps, leading to
the acceleration of the development of trees in earlier life stages. Typically begins in
Quercus forests once they have reached 100 years of age. Old-growth stands are usually
at or near average maximum density. This stage marks the transition from an even-aged
to an uneven-aged stand, as a result of gap formation.
From Figure 8.9, the initial 1,000 Quercus seedlings present in the site develop into
saplings after the minimum transit time of 4 years under optimum no-shade conditions,
and subsequently into young trees after a minimum transit time of 10 years - this period
corresponds roughly to the Johnson et al. (2002) stand initiation stage. Trees spend the
minimum transit time of 10 years in the YT stock, during which time density-dependent
mortality leads to the death of a certain proportion of this stock - this self-thinning is
equivalent to the stem exclusion stage. Once mature trees are present in the plot, they
too are subject to density-dependent mortality, and those trees that exceed the carrying
capacity of the mature tree layer are removed. Surviving mature trees begin to produce
seeds and thus seedlings, although only a tiny proportion of these survive in the
understorey due to low light availability as a result of the closed canopy. As the mature
trees die due to age-related mortality, gaps appear in the canopy allowing light to reach
the forest floor, permitting the survival of Quercus seedlings and their development into
saplings after approximately 60 years of the simulation - this is the understorey
reinitiation stage, when seedlings, saplings, young and mature trees are present in the
stand. From this point onwards, the stand consists of the remaining mature trees
together with earlier life stages. The death of older mature trees creates canopy gaps and
an increase in light reaching the forest floor, allowing younger individuals to grow and
occupy the space created, giving rise to a second generation. In the absence of
competition from other species and exogeneous disturbances, this cycle is repeated as
time progresses.
Scenario a-ii - Optimal conditions - Quercus & Fagus:
This scenario is compared to RBP2, which describes natural succession in mixed-species
lowland temperate deciduous woodlands in the absence of exogeneous disturbances. This
RBP is derived from several sources and is as follows:
On abandoned farmland, heathland etc., or on a previously wooded site following a
stand-initiating disturbance, pioneer species such as Ulmus spp., Betula spp., Crataegus
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Figure 8.9: Comparison of reference behaviour pattern derived from Johnson et al.
(2002) (top) to STELLA model outputs (bottom) for secondary succession in a lowland
temperate Quercus stand following a stand initiating disturbance. In the STELLA model
outputs, no. of trees is plotted on a log scale.
The ‘artificial MT peak’ circled does not reflect an actual peak in the number of trees in the
mature tree stock, but arises as a result of the use of age cohorts in the model. As trees move
from the YT to the MT stock, the number of trees that exceeds the carrying capacity of the
MT life stage is removed via density-dependent mortality. However, it takes several years for
these trees to be removed, leading the total MT cover to temporarily exceed 100%, before the
number of trees is reduced to the carrying capacity of stand. This can also occur as trees move
from the sapling to the young tree stage, see Figure 8.10.

210

Chapter 8 : A System Model of the New Forest A&O Woodlands

monogyna and Quercus robur - Quercus often colonises on its own - will be the first to
colonise the site. These are followed by Corylus avellana, Acer campestre and especially
Fagus sylvatica, which appear once the woodland is already established. Tubbs (2001)
states that in the New Forest, the oldest Fagus trees are younger than the oldest Quercus
in the A-generation, supporting the theory that Fagus arose in these woodlands once
Quercus had already become established. Fagus does not colonise on open ground but
grows only in the shelter provided by bushes and other trees (Rackham, 1980).
Competition from other species may lead to the suppression of Quercus and other
shade-intolerant taxa, as more shade-tolerant taxa such as Fagus can persist in the
sub-canopy for decades until an opportunity arises that allows them to grow into the
canopy. During the stem exclusion stage, when the canopy is fully or almost fully closed
and stem density is high, little light reaches the forest floor leading to a competitive
disadvantage for light-demanding taxa, in this case Quercus. During the understorey
reinitiation stage, the stand is at an age where large overstorey trees begin to reach the
end of their lifespan and die, creating gaps and thus the conditions where seedlings can
establish and grow in the understorey, and sub-canopy trees and established
reproduction can grow into the space created. As more gaps occur and are filled by
subordinate crown classes, the age-structure of the stand gradually evolves from an
even-aged to a multi-aged population. If disturbances of a sufficient magnitude and
frequency, e.g. fire, extreme weather events, felling, thinning, do not occur, then the
Quercus component of a woodland is destined to successional replacement by
shade-tolerant and more aggressive species (Johnson et al., 2002). Harmer et al. (2001)
describe the development of mixed-species deciduous woodland on two separate
abandoned arable field sites, Broadbalk and Geescroft Wildernesses in the UK, from the
1880s. The former includes an area of undisturbed woodland 0.13 ha in size that has
developed into mixed woodland, and the latter is a site 1 ha in size. Woody species
appeared in the Broadbalk Wilderness within 10 years of abandonment, but did not
colonise the Geescroft site until after approximately 30 years. At both sites there was a
transition from mainly light-demanding to shade-tolerant species within approximately
20-40 years of abandonment.
From Figure 8.10, in scenario a-ii), under optimal conditions, light availability is the
main limiting factor. Once mature trees arise and the canopy closes, Quercus seedlings
and saplings die in much greater numbers due to shade effects. With successive
generations, the number of surviving Fagus advance regeneration outnumbers that of
Quercus, and there is a gradual progression from a Quercus-dominated woodland at the
beginning of the time series (ratio of Quercus:Fagus mature trees in the year 1600 is
13:5), to a sub-equal Quercus-Fagus woodland towards the end of the time series with a
ratio of mature Quercus:Fagus of 1:1. This process reflects traditional woodland
successional theory as described above, which states that shade-intolerant pioneer species
will ultimately be outcompeted and replaced by shade-tolerant mid to late-successional
species.
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Scenarios b, c and d - Exogeneous disturbances and stress - Quercus & Fagus: Scenarios
b, c and d examined the effect of drought, grazing pressure and multiple disturbances
and stresses (drought, windthrow, grazing pressure, debarking by squirrels, actual
Tempmw and DDsum ) respectively on the evolution of the mixed Quercus-Fagus patch.
The outputs of these three scenarios are compared to expected natural succession and
responses of a mixed Quercus and Fagus woodland to exogeneous disturbance events.
The expected effects of climatic drivers (including drought and windthrow) on Quercus
and Fagus are described in Section 8.1.1.1, and those of grazing pressure and debarking
by squirrels are detailed in Section 8.1.1.2.
From Figure 8.10, in scenario b), severe droughts cause Fagus tree death, particularly
during the latter half of the 20th century when such events are more frequent, leading to
a lack of regeneration and replacement of older Fagus trees. This creates gaps that
ultimately benefit Quercus, leading to a rise in the number of surviving Quercus
seedlings and saplings. This leads to a Quercus-dominated generation towards the end of
the 20th century, where young Quercus trees greatly outnumber young Fagus.
From Figure 8.11, in scenario c), periods of high grazing pressure from 1760-1840,
1870-1900 and from 1960 to the present-day lead to high rates of seedling and sapling
death for both Quercus and Fagus, and a subsequent failure to replace older trees as they
die. Although Quercus is more tolerant to grazing and browsing than Fagus, during these
time periods the grazing pressure is sustained at a rate sufficiently high to suppress both
species.
From Figure 8.11, in scenario d) the full range of pressures acting on the woodland is
evident, although it appears that in the presence of high densities of large herbivores
there is a lack of regeneration for both species, and thus higher Fagus mortality rates due
to extreme weather events and debarking do not lead to a resurgence of Quercus
seedlings and saplings over the last 50 years.
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Figure 8.10: Results from the preliminary assessment of the woodland model initialised with 1,000 Quercus seedlings and the establishment of 4 Fagus
seedlings every two years from year 40 to year 50 under a) optimal conditions and b) drought only. In addition to the number of seedlings, saplings,
young and mature trees, the light availability at the forest floor is depicted on the Quercus graphs and the drought index on the Fagus graphs. The
seedling curves are 2-point moving average smooths and the drought index is a 5-point moving average smooth. No. of trees is plotted on a log scale.
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Figure 8.11: Results from the preliminary assessment of the woodland model initialised with 1,000 Quercus seedlings and the establishment of 4
Fagus seedlings every two years from year 40 to year 50 under c) grazing pressure only and d) all data. In addition to the number of seedlings, saplings,
young and mature trees, the light availability at the forest floor is depicted on the Quercus graphs and the grazing pressure and drought indices on
the Fagus graphs. The seedling curves are 2-point moving average smooths and the drought index is a 5-point moving average smooth. No. of trees is
plotted on a log scale.
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Retrospective modelling - comparison of model outputs to historic
woodland composition data

To assess the accuracy of the model outputs in terms of tree species composition, and
the responses of each of the four species to specific disturbances and stresses, model
outputs from retrospective modelling of the woodland patch from AD1630-2014 were
compared to recorded historic woodland dynamics and composition data. The
management history of the unenclosed ancient woodlands of the New Forest is
heterogeneous, where different woodland stands were subject to different management
practices at different points in time. However, some overall patterns are evident across
these woodlands as described by Peterken and Tubbs (1965), Flower (1980b), Flower and
Tubbs (1982) and Tubbs (2001), which can be used to validate the model outputs. In
1608, the reported composition of the woodlands was Quercus-dominated with small
quantities of Fagus and Fraxinus. Timber felling on the Open Forest in the 17th -19th
centuries is credited with hastening the expansion of the existing, previously suppressed,
Fagus advance regeneration present in the understorey, giving rise to the
Fagus-dominated A-generation from c. 1660-1760, and the associated suppression of
Quercus. Little or no regeneration took place between 1760 and 1840 due to high grazing
pressure. Once the number of large herbivores on the Open Forest decreased, due largely
to the introduction of the Deer Removal Act in 1851, the B-generation of trees arose at
woodland margins and in the gaps created by the death of the older A-generation trees
or by felling. This B-generation is more species-rich than the A-generation, and displays
an increasing trend from Fagus to Quercus and the frequent presence of Betula. The
C-generation arose between 1900 and 1960, and again is more species-rich than the
A-generation, and Quercus is usually the dominant species, sometimes leading to the
exclusion of Fagus. From approximately 1960 to the present day, there has been a lack of
regeneration, due primarily to high densities of cattle, ponies and deer. The relatively
high mortality rates of Fagus, which have occurred since the middle of the 20th century,
can be attributed to drought, windthrow and bark-stripping of younger trees by grey
squirrels, deer and ponies. It should be noted that the three-generation structure is
general and not absolute, and that exceptions exist in many woods.
The retrospective modelling is carried out for two management scenarios - see Table 8.4.
The baseline year for the retrospective modelling is AD1630, the year in which
large-scale woodland clearance began, and the time frame over which many of the
historical datasets extend. The principal woodland type at the beginning of this
timeframe is Quercus-dominated pasture woodland, which has not been enclosed at any
time before AD1700. The model is initialised with a ‘bare ground spin-up’ beginning in
AD1500, after which woodland develops ex novo from a seed rain composed of the
pioneers Quercus and Betula with 1,000 and 10 seedlings respectively. After 10 years of
stand development, the mid-successional Fraxinus begins to establish in the patch, with
an input of 4 seedlings every two years from 1510-1520, and after 40 years the late
successional Fagus begins to establish, with an input of 4 seedlings every two years from
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1540-1550.
From 1500-1630 the woodland develops undisturbed, during which time mast years are
assumed to occur every two years (see Section 8.2.3) and climatic variables (Tempmw ,
DDsum and DI) are assumed to be optimal for establishment where data is lacking
(DDsum is available only for 1659-2014, Tempmw from 1660-2014 and DI for 1766-2014).
DDsum is 1938.5, the mean optimum value for Quercus and Fagus ((maximum
DDsum -minimum DDsum )/2). Tempmw is 3.47 ◦ C, the mean value for the 1660-2014
period, sufficiently high to permit regeneration of both Quercus and Fagus. DI is set to
-1.51 every 20 years from 1500-1766, as droughts of this severity occurred approximately
every 20 years in the 1766-1866 period (in the years 1780, 1800, 1818, 1826 and 1864).
For the remainder of the years 1500-1766, the value is set at zero, which represents
normal precipitation. For windthrow-related mortality, no records exist prior to the 1976
storm - it is assumed that 4% of mature Fagus trees and 1% of mature Quercus trees are
killed as a result of windthrow every 20 years beginning in the year 1510. The grazing
pressure record exists only from 1787 to 2014. For the 1660-1760 period, Tubbs (2001)
states that grazing pressure was sufficiently low to permit the A-generation to arise,
therefore it is assumed that grazing pressure over this period did not exceed the
postulated threshold level of 0.16 FU ha-1 , and that grazing pressure increased steadily
in a step-wise manner in twenty-year intervals from zero in the year 1500 to 0.16 in the
year 1760, and then increased linearly to the first recorded value of 0.248 in the year
1787. The retrospective scenarios are run with these initial conditions until the year
1630, after which they are subject to different management practices as detailed in Table
8.4. Results are presented in Figures 8.12 and 8.13, and a comparison of the modelled
and recorded A&O woodland composition and dynamics for several time points over the
1600-2014 time period is provided in Tables 8.5 and 8.6.
Table 8.4: Details of the two scenarios retrospectively modelled using the A&O woodland dynamic system model.

Scenario
Scenario 1
Scenario 2

Description
The woodland unit continues to exist as unenclosed Quercus-dominated
pasture woodland and no felling takes place. It is subject to recorded
grazing pressure and climatic conditions.
The woodland unit remains unenclosed and undergoes a single
clear-felling event in the year 1630 - this is expressed as the removal of
almost all (95%) mature Quercus trees and 95% of young Quercus trees
in the oldest 20% of this stock, as during this period healthy Quercus
as well as large numbers of doddards (moribund Quercus) were
removed from the woods (Tubbs, 2001). This felling pattern is based
on the strategy employed in several unenclosed woodlands after 1630,
when Quercus was preferentially removed to supply the Navy (and
others) with timber. The stand is subject to recorded grazing pressure
and climatic conditions.
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Figure 8.12: Results from retrospective modelling scenario 1: Quercus-dominated
woodland subject to recorded grazing pressure and climatic conditions, no felling occurs. The seedling curves are 2-point moving average smooths. No. of trees is plotted
on a log scale.
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Figure 8.13: Results from retrospective modelling scenario 2: Quercus-dominated
woodland subject to recorded grazing pressure and climatic conditions and a single clearfelling event (Quercus only) in 1630. The seedling curves are 2-point moving average
smooths. No. of trees is plotted on a log scale.
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Table 8.5: Comparison of model outputs for retrospective modelling scenario 1 to historic woodland dynamics and composition.

Model output
Quercus:Fagus:Fraxinus:Betula ratio = 13:4:1:2

Historic data
Quercus-dominated woodland with small quantities of Fagus and
Fraxinus1

1707

Quercus:Fagus ratio = 4:3

Quercus:Fagus ratio = 3.2:12 Fagus-dominated A-generation
arises 1660-1760, causing a shift from Quercus to Fagus
dominance in many stands1

1760

Quercus:Fagus ratio = 1:1

Quercus:Fagus ratio = 2.8:1 (in 1764), 2.2:1 (in 1783)2

1900

Quercus:Fagus ratio = 8:9

B-generation arises 1840-1870, more species-rich than A-gen,
Quercus dominant and Betula frequent1

1990

Quercus:Fagus ratio = 11:4

Quercus:Fagus ratio = 1:1 (in 1978)3 , C-generation arises
1900-1960, more species-rich than A-gen, Quercus dominant,
sometimes to the exclusion of Fagus; Fagus continues to suffer
disproportionately due to the combined effects of severe climatic
events and bark-stripping1

Source of recorded historic data: 1 Tubbs (2001), 2 18th century crown woods timber surveys - cited in Tubbs (2001), 3 Flower and Tubbs (1982)
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Year
1608

Year
1608

Model output
Quercus:Fagus:Fraxinus:Betula ratio = 13:4:1:2

Historic data
Quercus-dominated woodland with small quantities of Fagus and
Fraxinus1

1707

Quercus:Fagus ratio = 1:1

Quercus:Fagus ratio = 3.2:12 Fagus-dominated A-generation
arises 1660-1760, causing a shift from Quercus to Fagus
dominance in many stands1

1760

Quercus:Fagus ratio = 1:1

Quercus:Fagus ratio = 2.8:1 (in 1764), 2.2:1 (in 1783)2

1900

Quercus:Fagus ratio = 8:9

B-generation arises 1840-1870, more species-rich than A-gen,
Quercus dominant and Betula frequent1

1990

Quercus:Fagus ratio = 9:7

Quercus:Fagus ratio = 1:1 (in 1978)3 , C-generation arises
1900-1960, more species-rich than A-gen, Quercus dominant,
sometimes to the exclusion of Fagus1

2013

Quercus:Fagus ratio = 9:5

Fagus continues to suffer disproportionately due to the combined
effects of severe climatic events and bark-stripping1
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Table 8.6: Comparison of model outputs for retrospective modelling scenario 2 to historic woodland dynamics and composition.

Source of recorded historic data: 1 Tubbs (2001), 2 18th century crown woods timber surveys - cited in Tubbs (2001), 3 Flower and Tubbs (1982)
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Scenario 1 depicts an unenclosed Q. robur-dominated woodland unaffected by timber
felling, where phases of regeneration occur during periods of low grazing pressure. In
such a stand, as seen in Section 8.2.4.1, Quercus and Betula are ultimately destined to
successional replacement by Fagus and other shade-tolerant species, in the absence of
disturbance events that create sufficiently large canopy gaps to facilitate their
regeneration. This pattern is evident in Figure 8.12, where Quercus and Betula initially
colonise the patch and the canopy closes with the first mature Quercus trees after
approximately 24 years. After this time, the rate of survival of Quercus and Betula
seedlings and saplings begins to decline. Small numbers of mature Fraxinus trees appear
after 35 years and mature beech after 84 years. During the mid-17th to mid-18th century,
during an extended period of low grazing pressure, a further generation arises - the
A-generation - which contains a greater proportion of Fagus and shifts the Quercus:Fagus
ratio to approximately 4:3 in 1707 and 1:1 in 1760. This conforms to successional theory.
During the period of relatively high grazing pressure from 1760-1840, no new mature
trees arose. Following the reduction of grazing pressure in 1840, in the more open stand
conditions, all four species regenerate giving rise to the B-generation, with Betula and
Quercus growing more quickly in the high light availability created by the death of older
A-generation trees, although Fagus continues to expand slightly as the canopy closes,
and in 1900 the ratio of Quercus:Fagus is 8:9. The C-generation originates during the
period of low grazing pressure from 1900-1960, and following this period, the rate of loss
of mature Fagus trees increases as the frequency and severity of drought and storm
events rises, and debarking from squirrels damages and kills young trees from 1970. The
higher survival rate of young and mature Quercus is reflected in the shift back to
Quercus-dominance towards the latter half of the 20th century, with a Quercus:Fagus
ratio of 11:4 in the year 1990.
Scenario 2 modelled the same patch of woodland under the same conditions as scenario
1, with the exception that a single felling event occurs in the year 1630 removing 95% of
mature Quercus trees. The patterns shown in Figure 8.13 broadly correspond with those
observed in the field and described above. Following the felling event, Fagus expands
rapidly and the proportion of mature Quercus:Fagus shifts from 13:4 in 1608 to 1:1 in
1707 and 1760. Although Fagus did also expand under the previous no felling scenario, it
does so slightly more rapidly following the removal of Quercus. Quercus, Fraxinus and
Betula continue to regenerate although at lower rates. As in scenario 1, Quercus, and to
a lesser extent Betula, experience a resurgence in the B (1840-1870) and C (1900-1960)
generations, and in particular during the latter half of the 20th and early 21st centuries.
This is largely due to the decline of Fagus due to adverse climatic conditions and the
presence of mammalian pests, such that the proportion of mature Quercus to Fagus in
1990 is 9:7 and 9:5 in 2013.
Although the overall trends and patterns in the model outputs correspond with those
observed - in particular the shifts from Quercus to Fagus and back to Quercus dominance
- there are numerous differences between the modelled woodland composition at different
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points in time, and the reported ratios of Quercus:Fagus derived from the crown woods
surveys cited in Flower and Tubbs (1982) and Tubbs (2001). These discrepancies may be
partly attributable to the methodology adopted in the timber surveys, as the trees
surveyed included only those individuals (standing timber) that were considered suitable
for the Navy, rather than all mature trees in the woodlands. Furthermore, there is no
clear definition of what was meant by ‘fit for the Navy’ (Tubbs, 2001). In contrast, the
1978 value derives from a more comprehensive survey of the pasture woodlands carried
out by Flower and Tubbs (1982), which reported a Quercus:Fagus ratio of 1:1. This is
not very dissimilar from the scenario 2 modelled ratio for the year 1990 of 9:7, suggesting
that the retrospective scenario that included a timber felling event, gave rise to a
Quercus:Fagus value relatively close to the actual value.
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8.2.5

Sensitivity analysis

A sensitivity analysis was carried out to examine the effects of changing the principal
species parameters - tolerance to grazing pressure (GPtol ), tolerance to drought
(Droughttol ), tolerance to shade (Shadetol ), minimum and maximum sum of degree days
(DDsummin and DDsummax ). This aimed to determine the effects on the overall
composition of the patch and the responses of individual taxa. Following Bugmann
(1994), the range of plausibility for each parameter is indicated in Table 8.7.
Table 8.7: Species parameter ranges for woodland model sensitivity analysis.

Parameter name
Tolerance to grazing pressure, GPtol
Tolerance to drought, Droughttol
Tolerance to shade, Shadetol
Minimum sum of degree days, DDsummin
Maximum sum of degree days, DDsummax

Parameter range
±1
±1
±2
±20%
±40%

The lower and upper limits for each parameter were examined for Quercus and Fagus in
turn via a series of 20 model runs - the full list of runs is provided in Appendix E, Table
E.1. The lower limit represents a greater tolerance to grazing pressure, drought or shade,
and the upper limit a lower tolerance. Preliminary analysis scenario d) - Quercus and
Fagus only using all data - was used as the baseline model for the sensitivity analysis.
The full set of outputs of these model runs are shown in Appendix E, Figures E.2 - E.17.

8.2.6

Future scenario exploration

The future scenarios explored using the validated models have been defined on the basis
of plausible or probable future conditions in the system between 2014 and 2084. These
scenarios explore the effects of future conditions relating primarily to climate and
management strategies, and aim to examine some of the likely key issues and challenges
facing the New Forest in the coming decades, and the principal limiting variables in the
system. The principal disturbances experienced by the A&O woodlands are: large
herbivore grazing, climate change and in particular extreme weather events, timber
felling, and debarking by large herbivores and grey squirrels.
Future climatic conditions are obtained from the UKCP09 probabilistic climate
projections over land, calculated according to a 25 km rotated pole grid - all projections
relate to grid square no. 1701, which covers the majority of the NFNP. Seasonal
projections for the 2010-2039 (2020s) and 2020-2049 (2030s) periods are given in
Appendix E, Table E.2. These projections are for the low, medium and high emission
scenarios at the 10, 50 and 90% probability levels for each of the four seasons for mean
temperature and total precipitation. These projections were derived from the UKCP09,
and refer to the projected change relative to the 1961-1990 baseline climate.
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Temperature changes are expressed in ◦ C and precipitation changes in percentages.
Figures 8.14 and 8.15 show the future climate change values for mean temperature and
total precipitation for each of the seven time periods from the 2020s to the 2080s for each
emissions scenario, and the 10, 50 and 90% probability levels for each of the four seasons.
The mid-point of each time period was chosen as the year at which to plot the projected
values in the figures. Values for intervening years were then derived from the graphs,
which leads to a linear increase or decrease in the variable in these years.
Absolute monthly mean temperature and total precipitation values for each period were
used to estimate future trends for each of the climate variables included in the model Tempmw , DI and DDsum - for each of the three emissions scenarios at the 50% probability
level. These future time series are depicted in Figure 8.16. The future time series for the
Tempmw and DDsum are input directly to the model. For the DI series, as the data used
to derive this did not include any year-to-year variation or extremes, it does not exceed
the Fagus drought tolerance at any point over the 2014-2084 period. Therefore, the time
series for each of the emissions scenarios is adjusted so that the DI exceeds -1.5 every 6,
5 (equivalent to the frequency with which the DI fell below -1.5 during the preceding
thirty year period (1985-2014)) and 4 years, for the low, medium and high emissions
scenarios respectively. A description of the future scenarios explored is provided in Table
8.8. The results of each of the scenarios are depicted in Figures 8.17 - 8.21.
Under scenarios 1, 2 and 3, continued high grazing pressure after 2014 causes high
mortality rates of seedlings and saplings for Quercus, Fagus and Fraxinus, and a decline
in the number of new trees entering the young and mature life stages. This ultimately
leads to a fall in the number of seeds produced. Mature Fagus trees also suffer
disproportionately as a result of drought and windthrow, causing a more rapid decline in
the number of trees of this species at all life stages. Although this leads to the opening
up of the stand, the increased light availability is not enough to facilitate the
establishment of Quercus, which has intermediate tolerance to grazing.
In scenario 1, the number of mature trees in the year 2000 is 8, 8, 2 and 1 for Quercus,
Fagus, Fraxinus and Betula respectively. In the year 2084, these figures have declined to
5, 2, and 1 for Quercus, Fagus and Fraxinus but increased to 4 for Betula which, due to
its lower susceptibility to grazing and browsing, can take advantage of the open
conditions created by the decline in the other taxa. The total cover of young and mature
trees decreases from 0.88 in 2000 to 0.51 in 2084. Interpreting this in terms of the four
phytocoenosis types of pasture woodland of Gallandat et al. (1995), the stand has
changed from a grazed forest (>70% tree cover) to a densely wooded pasture (20-70%
tree cover).
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Figure 8.14: Observed mean temperature data for 1700-2014 and UKCP09 probabilistic
projections for the 2014-2099 period. These projections are provided for the 10, 50 and
90% probability levels and the low, medium and high emissions scenarios.
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Figure 8.15: Observed total precipitation data for 1766-2014 and UKCP09 probabilistic
projections for the 2014-2099 period. These projections are provided for the 10, 50 and
90% probability levels and the low, medium and high emissions scenarios.
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Figure 8.16: Projections of the woodland model climate parameters Tempmw (top),
DDsum (centre) and DI (3 month SPEIAug - bottom) based on UKCP09 probabilistic
projections of mean monthly temperature and total monthly precipitation for the 20142099 period. These projections are provided for the 50% probability level for the low,
medium and high emissions scenarios.

Scenario
Scenario 1
(LowEmHiGP)

Scenario 2
(MedEmHiGP)

Scenario 3
(HiEmHiGP)

Scenario 4
(MedEmLowGP)
Scenario 5
(HiEmLowGP))

Description
Grazing pressure remains constant at 2014 levels; no timber felling takes place; the climate parameters Tempmw ,
DDsum and DI are estimated for the 50% probability level for the low emissions scenario; Fagus mortality due to
windthrow occurs every 15 years (in 2028, 2043, 2058, 2073 and 2084) and is set at 4% of the MT stock, 1% MT
Quercus mortality occurs in the same years; Fagus mortality due to bark damage from squirrels remains at 1% of the
YT stock and 1% of the MT stock (first 20% only) per annum.
Grazing pressure remains constant at 2014 levels; no timber felling takes place; the climate parameters Tempmw ,
DDsum and DI are estimated for the 50% probability level for the medium emissions scenario; Fagus mortality due to
windthrow occurs every 10 years (in 2023, 2033, 2043, 2053, 2063, 2073 and 2083) and is set at 4% of the MT stock, 1%
MT Quercus mortality occurs in the same years; Fagus mortality due to bark damage from squirrels remains at 1% of
the YT stock and 1% of the MT stock (first 20% only) per annum.
Grazing pressure remains constant at 2014 levels; no timber felling takes place; the climate parameters Tempmw ,
DDsum and DI are estimated for the 50% probability level for the high emissions scenario; Fagus mortality due to
windthrow occurs every 10 years (in 2023, 2033, 2043, 2053, 2063, 2073 and 2083) and is set at 6% of the MT stock, 1%
MT Quercus mortality occurs in the same years; Fagus mortality due to bark damage from squirrels remains at 1% of
the YT stock and 1% of the MT stock (first 20% only) per annum.
All parameters are the same as for scenario 2, with the exception of grazing pressure, which is reduced to 0.1 FU ha-1
for the 2014-2084 period.
All parameters are the same as for scenario 3, with the exception of grazing pressure, which is reduced to 0.1 FU ha-1
for the 2014-2084 period.
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Table 8.8: Details of the future scenarios explored using the A&O woodland dynamic system model. Each of these scenarios reflects the principal
trajectories which a unit area of Quercus-dominated mature pasture woodland could plausibly follow between the present day and 2084.
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Similar patterns are observed in scenarios 2 and 3, although the more extreme climatic
conditions lead to more rapid declines in all taxa. In the case of Fagus, Fraxinus and
Betula, a decrease in the drought index that exceeds the seedling tolerances for these
taxa from the 2070s onwards, leads to a complete failure of seedlings to establish. Betula
in particular, which under the low emissions scenario (scenario 1) could expand, is no
longer favoured under the medium and high emission scenarios. By 2084, the total cover
has fallen to 0.48 and 0.43 for scenarios 2 and 3 respectively.
Scenarios 4 and 5 describe the development of the woodlands under a relatively low
grazing pressure scenario. With a GP of 0.1, sufficiently low to retard growth but not to
result in high seedling and sapling mortality rates, all four taxa give rise to a new
generation of trees. This generation initially consists of roughly equal numbers of mature
Quercus and Fagus trees, with smaller numbers of Fraxinus and Betula. As time
progresses, the higher mortality rate of Fagus due to drought and windthrow, together
with the longer lifespan of Quercus, gradually results in a higher proportion of mature
Quercus trees at the end of the time series. In addition, Quercus continues to produce
surviving seedlings throughout the entire period and shows a spike in the number of
seedlings towards the end of the time series. In the absence of higher grazing pressure or
other pressures detrimental to Quercus, e.g. insect pests and disease, this gives rise to a
new generation of Quercus in the greater light availability at the forest floor. Fagus,
Fraxinus and Betula on the other hand, as seen in scenarios 2 and 3, effectively cease to
reproduce from the mid-2070s as DI exceeds the species-specific drought thresholds for
seedling establishment. The decline in total cover is much less severe than that observed
in scenario 2, from 0.88 in the year 2000 to 0.81 in 2084. In scenario 5, a similar pattern
is observed, although due to the more extreme climatic conditions, the cessation of
Fagus, Fraxinus and Betula seedling establishment occurs slightly earlier towards the end
of the 2060s. Quercus cover remains fairly stable during the 2000-2084 period, falling
slightly from 0.41 in 2000 to 0.35 in 2035 as older trees die, and increasing to 0.42 in
2084 as individuals in the most recent generation reach maturity. The trend in Fagus
cover is similar, although this declines more rapidly towards the end of the time series.
The total cover of young and mature trees of all species in 2000 is 0.88 and 0.80 in 2084
with a ratio of mature Quercus:Fagus:Fraxinus:Betula, of 8:6:1.5:0.5.
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Figure 8.17: Results from future scenario 1 (LowEmHiGP). Scenario 1 depicts the
outputs from the low emissions climate change scenario, with severe droughts (SPEI<1.5) occurring every 6 years and Fagus and Quercus death from windthrow every 15
years. Grazing pressure remains constant at 2014 levels. Quercus, Fagus, Fraxinus and
Betula cover refer to the proportion of the stand covered by young and mature trees in
combination for each of these taxa. Total cover, depicted on the Quercus graph, is the
sum of the Quercus, Fagus, Fraxinus and Betula cover values. In the Fagus graph, the
‘mature Fagus disturbance-induced mortality rate’ parameter refers to the proportion of
the mature Fagus stock killed as a result of drought and windthrow annually.
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Figure 8.18: Results from future scenario 2 (MedEmHiGP). Scenario 2 depicts the
medium emissions climate change scenario with severe droughts (SPEI<-1.5) occurring
every 5 years and Fagus and Quercus death from windthrow every 10 years. Grazing
pressure remains constant at 2014 levels. Quercus, Fagus, Fraxinus and Betula cover
refer to the proportion of the stand covered by young and mature trees in combination
for each of these taxa. Total cover, depicted on the Quercus graph, is the sum of the
Quercus, Fagus, Fraxinus and Betula cover values. In the Fagus graph, the ‘mature Fagus
disturbance-induced mortality rate’ parameter refers to the proportion of the mature
Fagus stock killed as a result of drought and windthrow annually.
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Figure 8.19: Results from future scenario 3 (HiEmHiGP). Scenario 3 depicts the high
emissions climate change scenario with severe droughts (SPEI<-1.5) occurring every 4
years and Fagus and Quercus death from windthrow every 10 years. Grazing pressure
remains constant at 2014 levels. Quercus, Fagus, Fraxinus and Betula cover refer to the
proportion of the stand covered by young and mature trees in combination for each of
these taxa. Total cover, depicted on the Quercus graph, is the sum of the Quercus, Fagus,
Fraxinus and Betula cover values. In the Fagus graph, the ‘mature Fagus disturbanceinduced mortality rate’ parameter refers to the proportion of the mature Fagus stock
killed as a result of drought and windthrow annually.
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Figure 8.20: Results from future scenario 4 (MedEmLowGP). Scenario 4 depicts the
medium emissions climate change scenario with severe droughts (SPEI<-1.5) occurring
every 5 years and Fagus and Quercus death from windthrow every 10 years. Grazing
pressure is set to 0.1. Quercus, Fagus, Fraxinus and Betula cover refer to the proportion
of the stand covered by young and mature trees in combination for each of these taxa.
Total cover, depicted on the Quercus graph, is the sum of the Quercus, Fagus, Fraxinus
and Betula cover values. In the Fagus graph, the ‘mature Fagus disturbance-induced
mortality rate’ parameter refers to the proportion of the mature Fagus stock killed as a
result of drought and windthrow annually.
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Figure 8.21: Results from future scenario 5 (HiEmLowGP). Scenario 5 depicts the high
emissions climate change scenario with severe droughts (SPEI<-1.5) occurring every 4
years and Fagus and Quercus death from windthrow every 10 years. Grazing pressure is
set to 0.1. Quercus, Fagus, Fraxinus and Betula cover refer to the proportion of the stand
covered by young and mature trees in combination for each of these taxa. Total cover,
depicted on the Quercus graph, is the sum of the Quercus, Fagus, Fraxinus and Betula
cover values. In the Fagus graph, the ‘mature Fagus disturbance-induced mortality rate’
parameter refers to the proportion of the mature Fagus stock killed as a result of drought
and windthrow annually.
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Main findings and conclusions

The woodland model has served as a means of incorporating much of the information
and data presented in the preceding chapters, to disentangle the effects of multiple
drivers on the New Forest ancient pasture woodlands. It has succeeded in reproducing
the approximate behaviour and composition of a ‘typical’ area of these woodlands,
subjected to known management strategies and climatic conditions between AD1630 and
the present-day. When interpreting the outputs of the model, it is important to consider
that it aimed to shed some light on how, under extreme climatic conditions and high
grazing pressure, tree regeneration and survival in an example woodland stand may be
suppressed and in time lead to canopy collapse, the shrinking of the woodland
component of the pasture woodland system, a gradual opening up of the landscape and,
in more extreme examples, a transition to grassland in the long-term. This woodland
stand is broadly representative of many, but not all, areas of remaining unenclosed
ancient pasture woodland.
The ability of the model to simulate reality was determined via retrospective modelling.
This showed that model behaviour replicated the broad trends seen in many A&O
woodland stands over the AD1630 to present-day period in terms of stand composition,
and the overall impacts of different drivers of change on woodland dynamics and
succession. This made it possible to project the model forward in time to the 2080s, to
examine the potential evolution of the system under a range of plausible scenarios, based
largely on climatic conditions and grazing pressure. Overall, these scenarios showed that
if the grazing pressure on the Open Forest persists at 2014 levels, it may, under all
climate scenarios, lead to the continued widespread suppression of tree seedlings and
saplings, ultimately resulting in a lack of younger trees to replace veteran specimens.
In the long-term, this could result in the opening up of the woodland canopy, as gaps fail
to be filled by younger trees and eventually, at a time point beyond the scope of the
model runs, the widespread collapse of several native deciduous species. Under an
alternative grazing regime, where the pressure is sufficiently low to allow some
regeneration, climate proves to be the limiting factor. Under these scenarios, Fagus,
Fraxinus and Betula all suffer disproportionate losses, due primarily to their greater
susceptibility to drought stress. Drought-tolerant and wind-hardy Quercus, on the other
hand, finds itself at a competitive advantage, and thus can regenerate more copiously in
the greater light and space availability created by the large-scale loss of the other taxa,
which are largely unable to withstand extreme climatic conditions. Under these
scenarios, the pasture woodlands could see an eventual shift back to Quercus-dominated
woodlands. Some authors have previously suggested that the vulnerability of Fagus in
particular to drought and windthrow, and the dominance of Quercus in the B and
C-generations, could mean that Fagus dominance in the pasture woodlands is a
temporary phenomenon, e.g. Tubbs (2001).
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Methodological issues

The methodological issues and limitations relate mainly to assumptions made in the
construction of the woodland model, the inclusion of a limited number of disturbances
and stresses, the sensitivity analysis undertaken, and the spin-up time used.
1) Issues related to model assumptions:
The modelled woodland patch is assumed to be representative of all other units of the
same woodland type across both space and time, in terms of the vegetation structure
and composition, soil type, climatic conditions and topography, as well as how the
vegetation responds to internal and external pressures. However, this is unlikely to be
the case, as different areas of the Forest were subject to different management practices
at different times. Consequently, the model outputs are unlikely to be applicable to all
woodland stands of the same broad category, and certainly do not take into account the
full range of possible conditions and interactions. The objective of the model was not to
reproduce stand-specific behaviour, but instead to examine how a ‘typical’
Quercus-Fagus-dominated ancient woodland stand responds to multiple drivers of change.
The woodland patch modelled represents a discrete area of the woodland component of
the pasture woodland landscape, i.e., it does not include the open component and the
openness of areas adjacent to the patch is not considered, even though this is an
important determinant of herbivore frequentation (Hartel and Plieninger, 2014), and is
also a determinant of light availability at woodland edges and in glades, where
light-demanding species such as Quercus and Betula are most likely to establish.
Therefore, the model used here is useful in examining how certain broadleaved tree
species may respond to a range of pressures and the extent to which such stands are
open or closed, but cannot investigate the spatial distribution and dynamics of wooded
and non-wooded patches within the pasture woodland mosaic. In such systems, an ‘open
matrix’ model may be more appropriate than the gap dynamic model employed here, as
the latter “describes the dynamics of spatially discrete gaps within a surrounding closed
canopy”, whilst the former “explains how the fate of a single gap or canopy area depends
upon the development of neighbouring gaps or canopy areas...whereby gap expansion
and coalescence results in a forest consisting of an open tree matrix rather than discrete
gaps within a closed canopy” (Blackburn et al., 2014, p. 1342).
In the model, Betula is classified as having low susceptibility to grazing pressure, as per
FORCLIM, meaning that it does not succumb to stress-related mortality under high
grazing pressure. However, Tubbs (2001) states that in the post-1960s period, high
grazing pressure on the Open Forest led to the suppression of Betula regeneration as well
as that of other broadleaved species. Westerhoff and Clarke (1992) also state that Betula
is readily eaten by ponies and cattle. Adjustment of the model to include a reduced
tolerance of Betula to grazing would change the outcomes of future scenarios 1, 2 and 3,
such that Betula would not continue to persist in the stand when the other taxa

236

Chapter 8 : A System Model of the New Forest A&O Woodlands

experience regeneration failure, but would also fail to regenerate, leading to more
widespread canopy collapse.
In the future scenarios, the level of grazing pressure was not based on any future
projections of large herbivore numbers or on any management plan, but rather was based
on the realistic possibility that grazing pressure will not decrease in the near future. In
the case of GP=0.1 in future scenarios 4 and 5, this value was employed merely to
examine the possible effect of a sudden and drastic reduction in grazing pressure on
woodland dynamics, via the imposition of a limit on the number of animals that
individual Commoners may depasture on the Open Forest (there currently exists no such
limit), allowing grazing pressure to fall below the supposed 0.16 FU ha-1 threshold.
However, there is currently no evidence to indicate what future stocking levels on the
Forest may be.
2) Issues related to limited number of disturbances and stresses:
In the model, only a limited number of factors that influence woodland dynamics were
considered. Those factors not incorporated into the model include site characteristics
(soil type, safe-site availability), climate and atmospheric conditions (late frosts, winter
waterlogging/flooding, rising CO2 levels, impacts of previous year climatic conditions),
large herbivore impacts (seasonal fluctuations in stocking density, the level of
‘attractiveness’ of different vegetation states to grazing animals, dunging, trampling, seed
dispersal), competition between ground and scrub vegetation with tree seedlings and
saplings, recreational use and tourism, fire, and disease. In relation to site
characteristics, the A&O woodlands are found primarily on stagnogleys and stagnogleyic
argillic brown earths, therefore it was reasonable to assume a uniform soil type across all
woodland patches. Safe sites refer to the presence of shrubs (Ilex) and dead and fallen
trees and branches that can act as ‘nurseries’ that restrict or prevent the movement of
large herbivores within the woodland, and so protect seedlings and saplings from grazing
and browsing. Although Morgan (1987a,b, 1991) states that the presence of safe sites
was an important factor in determining tree regeneration rates in the presence of large
herbivores, Mountford et al. (1999) do not support this theory, finding that many of the
seedlings reported as saved by such nurseries in the Morgan studies, ultimately
succumbed in later years to grazing and browsing by ponies, cattle and deer.
The omission of a wider range of climatic, large herbivore, and other impacts served
primarily to retain model simplicity, but also to include in the model those influences
known to have had some of the most significant impacts on native broadleaved species in
the unenclosed woodlands. Of the driving forces not included, CO2 would likely cause an
increase in productivity (i.e., tree growth rates), and late frosts an increase in seedling
and sapling mortality, whilst temperature and precipitation in the preceding year have
been reported to affect tree health and survival in the current year, e.g. Cavin et al.
(2013). Although the grazing pressure index used does incorporate to some degree large
herbivore feeding and habitat preferences, consideration of seasonal changes in stocking
density and the use of the pasture woodlands by these animals throughout the year,
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could lead to a more accurate assessment of the actual grazing pressure in different areas
of the Open Forest at different times of the year. The lack of non-tree vegetation in the
model, and the interactions among seedlings and saplings and non-woody vegetation in
the herbaceous layer, represents a further limitation. Future expansion of the model
could address this issue by including such vegetation as an additional stock in the model,
which interacts with the youngest tree life stages, e.g. competes with seedlings for light
and space. The impacts of disease and fire are also not considered, although fungal
infection combined with drought and storms has brought about the death of some old
Fagus trees in Denny Wood in the New Forest that were weakened by drought
(Mountford et al., 1999), and fire has caused damage to the ancient woodlands, e.g.
following the 1976 drought (Read et al., 2009). The continued development of the
woodland model, to include an increasing number of these drivers of change, would
undoubtedly lead to a more comprehensive evaluation of the future development of the
A&O woodlands, and also potentially improve the agreement of the retrospective
modelling outputs with the actual data on past woodland dynamics.
3) Sensitivity analysis: A sensitivity analysis was undertaken to examine the effects of
changes in the principal species parameters - tolerance to grazing, tolerance to drought,
tolerance to shade, maximum and minimum sum of degree days - on the model outputs
(patch composition and the responses of individual species). Further analyses
investigating the impacts of altering other model parameters, e.g. the number of years
that trees of each species and at each life stage can tolerate a certain stress, e.g. drought
or shade stress. Although these periods of tolerance are based on evidence available in
the literature, further sensitivity analysis is required to understand the consequences, in
terms of model outputs, of different values.
4) Spin-up time:
For the retrospective modelling, a spin-up period of 130 years before the period of
interest is modelled, from AD1500-1630, was used to allow the woodland patch to
develop relatively undisturbed under stable environmental conditions (optimal Tempmw
and DDsum , low grazing pressure, and relatively infrequent drought and storm events).
However, as woodlands have dynamics that occur at long timescales, this period of time
is not sufficient, and should be increased to 400-500 years, to ensure that the initial
conditions of the patch in the year 1630 represent those of an old-growth woodland stand.

Chapter 9

Discussion

9.1

Introduction

The present-day New Forest National Park is a complex and dynamic social-ecological
system, where multiple natural and cultural influences have been instrumental in driving
landscape dynamics, and in creating and maintaining the heterogeneous mosaic of
habitats that exists today. The aims and purposes of national parks in England and
Wales were originally defined by the 1949 National Parks and Access to the Countryside
Act, and later revised by the Environment Act 1995, which set out two statutory
purposes for national parks. These are: 1) conserve and enhance the natural beauty,
wildlife and cultural heritage; and 2) promote opportunities for the understanding and
enjoyment of the special qualities of national parks by the public. Additionally, national
parks are obliged to seek to foster the economic and social well-being of local
communities within the park. In fulfilling these goals, “protected areas must be able to
adapt to changing social and ecological conditions over time in a way that supports the
long-term persistence of populations, communities and ecosystems of conservation
concern” (Lee and Jetz, 2008) - cited in Cumming et al. (2015, p. 301).
Considering these multiple functions of the NFNP, this chapter discusses the evidence
presented in chapters 4-8 in relation to:
- past system responses to a range of social, political and ecological drivers of change;
- the use of an evolutionary approach in understanding system resilience to specific
forcing factors often acting in concert;
- how knowledge of past system dynamics can inform our understanding of potential
future system development, in the face of changing social and ecological conditions;
- the implications of these insights for the management strategies adopted within the
Park, and for its ability to meet its goals as a national park.
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The evolution of the New Forest and the demand for
ecosystem services

In this section, the past evolution of the system is examined via discussion of observed
changes in its vegetation dynamics in response to multiple social (primarily the
exploitation of the landscape for certain ecosystem services) and ecological (primarily
climate change) drivers, and the consequences for the delivery of multiple ecosystem
goods and services. In Sections 9.2.1 and 9.2.2, there is a specific focus on the impacts of
past system dynamics for the delivery of two services in particular - the Commoning
tradition (and the various ES associated with it) and carbon storage.
Across much of Europe, significant human intervention in the landscape dates from
approximately 6,000 cal yr BP. At this time, during the mid-Holocene BC4300-3800 time
window, the REVEALS outputs show a dominance of broadleaved woodland, covering
just over 70% of the landscape. Although REVEALS scenario 2 during this period is
based on pollen records from a single site, Cranes Moor, a separate scenario based on
pollen records from all sites shows a similar pattern, with 73% cover of broadleaved taxa.
This reflects the situation across much of Britain at this time, which had an estimated
maximum of 75% broadleaved woodland cover c. 6,000 cal yr BP (Watts, 2006). In
terms of tree species composition, during the mid-Holocene the light-demanding taxa
Corylus and Quercus are present in relatively large proportions, as well as shade-tolerant
Tilia and Ulmus. Although broadleaved tree taxa dominate, open land indicators are
also present, in particular Calluna and Poaceae, but also small amounts of Herbs, Rumex
and Plantago. The presence of high proportions of light-demanding tree taxa and open
land indicators prior to significant anthropogenic impact, suggests a relatively open
canopy that facilitates the establishment of these taxa. This pattern, frequently observed
in other British and European landscapes, has led to much debate regarding the nature
of the Holocene wildwood, where the ‘traditional’ view is that of closed canopy forest,
and the contesting view is that of a more open pasture woodland landscape.
The former hypothesis holds that in temperate climates, vegetation succession ultimately
leads to closed canopy forest where regeneration of trees takes place in gaps, and that
more open landscapes only occurred after human exploitation of the landscape (i.e.,
woodland clearance) had already begun. The evidence is that pollen percentages
dropped below 60% only in the last 3,000 years. This view is supported by most authors,
e.g. Mitchell (2005). The latter hypothesis was proposed by Vera (2000), and states that
the high abundance of Quercus and Corylus in European Holocene pollen assemblages including those of the New Forest - indicates a semi-open parkland created and
maintained by large grazing herbivores, before the occurrence of significant
anthropogenic disturbance of the landscape. Several authors argue that the Holocene
wildwood may, in fact, have represented an intermediate state between closed canopy
forest and open parkland, without forming a wood-pasture system. For example,
Whitehouse and David (2010), using fossil beetle assemblages and pollen records from
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Britain, determined that prior to significant anthropogenic woodland clearance in the
Bronze Age (c. BC1300), the landscape was dominated by woodland, with limited open
areas not driven by the grazing of large herbivores. This study largely supports Mitchell
(2005), as it suggests that open forest only developed following human intervention,
although open areas appear to have persisted in the landscape throughout the Holocene
prior to this intervention. This is further supported by Soepboer and Lotter (2009), who
modelled vegetation openness during the mid-Holocene on the Swiss Plateau. These
authors concluded that the high Corylus proportion in the pollen record indicated that
the disturbance area must have been larger than that expected from the closed forest
theory alone, and that the extent of landscape openness indicated by the Vera hypothesis
was too high when compared to the fossil record. Bradshaw et al. (2003) also propose a
‘forest consensus’ theory, whereby closed canopy forest dominated during interglacial
periods, although some parts of the landscape may have remained open without forming
a wood-pasture system.
Thus, the mid-Holocene dominance of woodland in the NF landscape, the relatively large
proportions of light-demanding taxa in these woodlands, and the low level presence of
Poaceae, Herbs, Rumex and Plantago up to BC3800, indicate that the vegetation was
composed of closed forest with limited open areas, and that the extent of human activity
in the landscape was minimal. Bradshaw et al. (2003), Soepboer and Lotter (2009) and
Whitehouse and David (2010) state that similar vegetation patterns could be due to site
conditions (e.g. river plains, wetlands, poor soils etc.) and disturbance regimes (e.g.
floods, windthrow, fires, low-intensity grazing, insect attack etc.), which create small
openings in the forest canopy, and provide the conditions for the regeneration of
light-demanding tree taxa such as Corylus, Betula and Quercus. In the Swiss Jura
mountains, fire has been cited as a major driving force in the opening up of the landscape
in the 17th and 18th centuries, when a pasture woodland similar to that of today came
into existence (Sjögren, 2006). Grant et al. (2014) state that the low-level presence of
Plantago during this period is probably related to open areas following burning.
Evidence of fire impacts on vegetation are discussed by Grant et al. (2014). This study
suggested that the continuous decline in Pinus in the New Forest from BC8800 (c.10,750
cal yr BP) until it disappears from the record completely during the BC3800-BC3300
time window, may be indicative of a shift from regular, low-intensity fires to less regular
fires of potentially higher intensity. Pinus sylvestris is fire-adapted, and fire plays an
important role in its regeneration, but a change in the fire regime may have led to its
demise and the creation of open conditions that favoured Quercus and Corylus. Fire is
also an important factor in the creation and maintenance of heathlands. Although
Calluna does increase in the early Holocene, Grant et al. (2014) report that at Cranes
Moor it is not possible to distinguish the heathland signal from the mire signal, as
Calluna is found both in the surrounding heathland and on the bog surface. Across
southern England, lowland heaths were created as a result of human manipulation of the
landscape, and much of the lowland heath in Europe dates from the Neolithic onwards
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(Groves et al., 2012), post-dating the relatively high proportions of Calluna seen in the
record. From Grant et al. (2014), sucha pattern may suggest that heathland was locally
present at Cranes Moor during the early to mid-Holocene.
Grant et al. (2014) state that fire events during this period were closely associated with
climatic conditions, as they coincided with drier and warmer summers. Groves et al.
(2012) argued that a decline in Pinus sylvestris followed by an increase in Alnus, suggests
the replacement of the former by the latter at wetlands and wetland edges - this occurs
at Cranes Moor during this period. Climate was amongst the most important forcing
factors in pre-human disturbance times. Upon the examination of climatic variation at
millennial timescales based on pollen records, climate in north- and central-western
Europe appears to have remained relatively stable throughout the last 6,000 years (Davis
et al., 2003). This study found that in these regions, mean annual temperature has
remained stable following a mid-Holocene summer maximum around 6,000 cal yb BP,
although since then mean summer temperatures for NW Europe have decreased slightly
and mean winter temperatures have increased slightly. However, centennial-scale climate
records have shown that there was considerable variation across the North Atlantic
region including the British Isles over this time period, with a number of alternating
cool/warm and wet/dry periods (Charman, 2010).
After BC3800 until BC2300, there are several indications of a potential increase in
human activity and in particular pastoral activity. The relatively high and consistent
Corylus values not only throughout this period, but pre-6,000 cal yr BP and later up to
BC300, may be an early indication of traditional woodland management and early
anthropogenic exploitation of the landscape for an ecosystem service, i.e., timber. Some
studies, e.g. Bell and Walker (2005), have suggested that in the early Neolithic the use of
coppiced wood may explain the high Corylus values at Mesolithic and Neolithic sites.
Waller (2010) suggests that Corylus expansion at Ashstead Common in Surrey following
the Romano-British period, may be due to management as well as woodland expansion
due to decreased grazing pressure. Coppicing for wood and pollarding for leaf fodder can
be traced via archaeological evidence to the Mesolithic and Neolithic respectively, and
both can be traced via written documents to the 16th century in north-western Europe
(Gaillard et al., 2009). However, pollarding, another traditional woodland management
practice certainly used in the New Forest, cannot be traced using pollen data (Gaillard,
2013). Higher proportions of herbs and Plantago when compared with their pre-BC4800
values and an increase in Poaceae at the beginning of this period, potentially indicate
increased human-related disturbance and grazing.
There is a general increase in the total proportion of broadleaved tree taxa from
BC3800-2300. This is driven primarily by a sharp rise in the light-demanding taxa Alnus
and Betula. There is also a slight increase in Corylus and a slight decline in Quercus.
These patterns could suggest a period of woodland regeneration and expansion, and
reduced human activity and grazing pressure. These patterns could be viewed as broadly
consistent with those reported by Whitehouse and David (2010), who found that across
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Britain as a whole, fossil beetle and pollen records indicated intense human activity in
the early Neolithic, reafforestation and/or limited grazing during the middle Neolithic
(BC3500-2500), followed by greater clearance and grazing during the late Neolithic
(BC2500-2000). The sharp increase in Alnus and later Salix during the BC1800-1300
time window, both of which are typically found on wetter soils, coupled with the decline
of Calluna, an indicator of dry pastures and heath, may indicate a period of wetter
conditions. An increase in these taxa may also be related to the formation of the mires
as a result of Bronze Age (c. BC2000-800, c. 4,000-2,800 cal yr BP) and Medieval (c.
AD400-1500, c. 1,600-500 cal yr BP) forestry, which led to increased runoff and the
creation of wetter soil conditions (Tubbs, 2001).
With regard to the taxa frequently used in palaeoecological studies as indicators of
anthropogenic activity, i.e., Plantago lanceolata (often used specifically as a grazing
indicator, e.g. (Waller and Schofield, 2007; Nielsen et al., 2012)), Artemisia, Rumex,
Calluna and Poaceae, Gaillard (2013) highlights that these taxa can also be found in
undisturbed, natural habitats as well as those influenced by human activities. For
example, Rumex can be an indicator of natural meadows and naturally disturbed
ground, but can also originate from pasture land, arable fields and other human-modified
environments around settlements and along tracks. Gaillard (2013, p. 890) also states
that “it is not possible to confidently reconstruct the past existence of wood pastures and
forest grazing” using pollen data as, although herbs may be more common in grazed
woodlands, their pollen will be overwhelmed by that of trees, and they also produce less
pollen in wooded as opposed to open habitats. Therefore, an increase in Herbs, Plantago
and grasses after BC4800 and light-demanding tree taxa after BC3800, is not necessarily
indicative of more intensive human use of the landscape and the development of a
pasture woodland system.
However, numerous authors have used pollen records in an attempt to identify pastoral
activity and the creation of pasture woodland systems. These typically interpret a
decline in tree pollen and an increase in Poaceae and herbaceous taxa indicative of
pastoral activity, as signalling the initiation of widespread human activity, and the origin
of present-day cultural landscapes. Similar patterns have been interpreted as an increase
in anthropogenic activity, and in particular grazing, in the Weald in southern England in
the middle Bronze Age (c. BC1500) (Waller and Schofield, 2 007), t he S cottish Highlands
(Davies and Watson, 2007), and the Swiss Jura Mountains pasture woodland system
during the 17th and 18th centuries (Sjögren, 2006). Gaillard (2013) cites a study carried
out in southern Sweden by Lagerås (2000) that suggests a change in tree taxa
composition from broadleaves such as Quercus, Fraxinus, Ulmus and Tilia, to a clear
dominance of Betula and/or Quercus with slight concurrent increases in herb and/or
shrub pollen, may indicate a transition from a relatively closed to a more open pasture
woodland system. From the REVEALS outputs, there is a significant expansion in
Betula from BC3800 with a peak during the BC2800-BC2300 period. This coincides with
a slight decrease in Quercus and Fraxinus and a slight increase in herbs, Plantago and
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Poaceae, although Calluna experiences a severe decline. Over the following thousand
years from BC2300-1300, a fall in Betula and Corylus, together with an increase in
Quercus and Tilia, indicate that the woodland may have become more closed.
Although coppicing, tree felling and low intensity grazing may have taken place in the
area prior to BC1300, the Bronze Age is often reported as heralding the beginning of
more intensive human impact, and in particular large-scale woodland clearance in the
region (Tubbs, 2001). The more widespread felling of forest was observed at a nationwide
scale by Whitehouse and David (2010), who state that the wildwood wasn’t cleared in
most areas of Britain until the Bronze Age (c. BC1300), e.g. the Weald in southern
England (Waller and Schofield, 2007). During the BC1300-BC300 thousand-year period
covering the middle-late Bronze Age, there is another peak in Betula and Corylus and a
sharp decrease in Quercus, which may signify timber felling. Together with an increase
in Poaceae and relatively high proportions of Herbs and Plantago, with the latter
increasing particularly in the last 500 years of this period, this may indicate an increase
in human activity, grazing and the opening up of the landscape. Bronze Age and
Medieval woodland clearance has been cited as the main driver of heathland expansion
and mire formation in the Forest (Tubbs, 2001), although from REVEALS, Calluna is
still present at relatively low levels during this period. Groves et al. (2012) state that the
lowland heaths of north-western Europe were created as a result of human manipulation
of the vegetation, and that the most intensive anthropogenic use of these areas, and thus
the greatest extent of heathland, most likely occurred during the Medieval and
post-Medieval. This corresponds with the patterns observed in the pollen record, as
Calluna is at its highest levels during the AD1200-AD1777 time windows.
Overall, the interpretation of regional pollen data in relation to the identification of
specific anthropogenic activities, and in particular woodland clearance and grazing
associated with the introduction of a more intensive pastoral economy, is less than
straightforward. Nonetheless, palaeoecological records provide valuable insight into
vegetation and landscape dynamics, during periods for which no other records of human
activities or environmental conditions exist. Over the final thousand years of the pollen
record, from the late Middle Ages to the present day, pollen data continues to shed light
on how humans have interacted with the vegetation. However, other records such as
maps, historical documents and instrumental records available from this period, aid in
the interpretation of the REVEALS outputs, and provide a more comprehensive picture
of how the landscape has evolved.
For the last millennium, the dynamics of the system have been driven mainly by
economic and socio-political factors according to the particular interests of its main
stakeholders, namely the Crown and the Commoners, as they have sought to manage the
Forest for the provision of certain ecosystem goods and services. These primarily consist
of deer and timber for the former, and commoning rights and a range of traditional
provisioning services for the latter. Upon resumption of the pollen sequence in AD1200,
the Forest had already been designated a royal hunting ground, and was granted the
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name ‘Nova foresta’ in approximately AD1079. During the Middle Ages, many ‘forests’
across Europe were in fact not necessarily true woodlands or forests, but hunting
grounds created in many forested and non-forested areas, as a result of an increased
desire on the part of the nobility for greater territorial control (Williams, 2000). The
creation of these Forests gave a measure of protection to the woodlands, and saved them
from the felling experienced by many old-growth woodlands in Europe during this time
(Bergmeier et al., 2010). The active protection of Quercus woodlands during the Middle
Ages also promoted their continued existence in other areas, e.g. the Czech Republic
(Jamrichová et al., 2013). At this time, the Forest was managed largely to maintain the
deer population and its exploitation for other ecosystem services was limited. The
relative intactness of its habitats and landscapes is largely due to its status as a Royal
Forest, the traditional land management practices linked to the commoning tradition,
and the influence of the large landed estates in the Forest and its surroundings (New
Forest National Park Authority, 2010).
Although in the Middle Ages (AD1200-1702 time window) the total cover of broadleaved
woodland is significantly lower at approx. 56% than broadleaved cover prior to the
hiatus in the record (72%), it is possible that this significant shift to a more open
landscape may have occurred during earlier periods. Rackham (2008) states that in
England, by Roman times (c. 1,800 cal yr BP or earlier), many ancient woodlands had
an open structure. During this time window, when compared with the BC800-300
period, there is a much lower proportion of Alnus and Betula, a slight drop in Tilia and a
significant expansion of heathland (Calluna). Flower and Tubbs (1982) state that
between the 1100s and 1500s, tree felling in the Forest was minimal, and those few trees
that were felled were destined for the construction or repair of hunting lodges within the
Forest. This attests to the importance of deer as a provisioning service, and the
maintenance of the Forest to support the large numbers of deer present in the late 17th
century - see Figure 6.7. Silviculture during this period was based mainly on coppicing,
carried out at the local scale (Tubbs, 2001), and may partially explain the continued
relatively high proportions of Corylus. Woodland clearance for timber and the creation
of Medieval deer parks and hunting forests occurred in many other areas of Britain, e.g.
the Wentwood in Wales. In these woodlands, historical records from the 13th century
indicate that the area was a hunting preserve and rights of estover did exist, but no other
rights of common are mentioned. However, in Medieval deer parks grazing livestock often
lived alongside deer, and so a wood-pasture system may have existed during this period
along with high forest, coppices and hunting grounds (Brown, 2010). As in the New
Forest, the management of such parks for deer and game during the Middle Ages often
co-existed with a commoning system, and the creation of hunting forests often conflicted
with the rights and demands of the Commoners (Williams, 2000).
The precise date of the origin of the commoning tradition and the development of the
pasture woodlands in the New Forest is not known, although they have certainly existed
for at least the last one thousand years (Tubbs, 2001). Other commoning systems were
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in existence in southern England at this time, e.g. Ashstead Common in Surrey (Waller,
2010), and the Weald in southeast England, into which pigs were driven in the autumn
during the early Anglo-Saxon period (Waller and Schofield, 2007). Although local people
had been carrying out commoning activities since before the designation of the area as
the New Forest, the system of commoning rights was not formalised until the mid-16th
century (New Forest National Park Authority, 2015). Szabó and Hédl (2013) propose
that the origins of a wood-pasture system in southern Monrovia could be related to a
number of factors that are likely to also be relevant to the New Forest. These include:
flat terrain conducive to the keeping of livestock, nutrient poor soils not suitable for crop
production, an abundance of woodland and the existence of commoning rights that
facilitate multiple-use management.
Although the origins of the pasture woodlands appear to stem from human intervention
and anthropogenic deforestation of the landscape, large grazing herbivores play a
fundamental role in maintaining open forest conditions, and in facilitating the
regeneration of light-demanding taxa such as Quercus, Corylus and Pinus (Bradshaw and
Hannon, 2004). Elsewhere in the UK, grazing by deer and domesticated livestock has
been cited as instrumental in the development of wood-pasture systems, e.g. in the
Scottish Highlands (Holl and Smith, 2007). There are no records of the numbers of
Commoners’ animals in the Forest during the AD1200-1702 period, and the extent of
both herbs and Plantago are relatively low, although Rumex is much higher compared to
the Bronze Age. These patterns, together with the low levels of Betula, suggest that the
woodlands present were relatively closed and that large herbivore grazing pressure may
not have been particularly high. The increase in Calluna during this time can be
attributed to deforestation, but may also be due in part to the practice of the right of
turbage from at least the 13th century. In exercising this commoning right, the
Commoners cut turf from the heathlands leading to impoverishment of the soils and the
expansion of this land-cover type (Westerhoff and Clarke, 1992; Tubbs, 2001).
Throughout the last three centuries, the extent and impact of human activity is easier to
discern both from certain dramatic changes in the pollen record, which depicts a number
of significant shifts in land-cover and vegetation composition, and from historical maps
and other documentary evidence. After AD1702, a relatively large increase in Plantago
and a further increase in Calluna indicate an increase in grazing pressure and a further
opening up of the landscape. The relatively high grazing pressure at this time is also
known from Figure 6.7. Seemingly clear indications of the intensification of grazing are
evident in the large rise in Poaceae during the AD1852-1927 time window, and its
continuous increase along with relatively high levels of Herbs, Rumex and Plantago after
this point in time. From Chapter 6, it is known that grazing pressure has fluctuated
significantly over the last two hundred years, although there have been periods of high
grazing intensity from the late 1700s to the early 1800s (at the beginning of the
AD1777-1852 time window), during the late 1800s (towards the end of the AD1852-1927
time window), and again from the post-war period to the present-day (throughout the
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two most recent time windows). The decline in Calluna during the AD1852-1927 period
may also be partly attributed to high grazing pressure towards the end of this time
window. Westerhoff and Clarke (1992) found that during the post-1960s period of high
grazing pressure, the growth of c. 20% of heather on the Open Forest was heavily
suppressed. A similar pattern during previous periods of high grazing intensity such as
the AD1852-1927 time window may partly explain the lower proportion of Calluna
pollen in the record.
In post-Medieval times, as coppicing, pollarding and later timber production became
important industries, the Crown’s interest in these resources grew and management
strategies were adjusted accordingly (Sumner, 1929; Tubbs, 2001). A number of Acts and
Statutes formalised the management of the crown lands for timber production, leading to
the proliferation of these practices (Forestry Commission, 2008a). This led to a surge in
interest in timber products beginning in the 15th century and increasing in the early 17th
century (Tubbs, 2001). This prioritisation of commercial forestry and large-scale
production of timber in the Forest reflects the situation across the rest of the United
Kingdom, where woodlands have historically been managed primarily for the purpose of
timber and fuelwood production (Winn et al., 2011). This resulted in the conversion of
40% of England’s ancient woodland to farmland or forestry between AD1850 and 1875
(Rackham, 2008). In the Forest, the demand for timber led to a shift in land-use and
management priorities away from pastoral and traditional land management practices
such as coppicing, pollarding, large herbivore grazing, and the practice of other
commoning rights. From the 17th century, there was a reduction in the area of land
covered with the original broadleaved pasture woodland both within and without the
Inclosures, and the fragmentation of these woodlands. Commercial forestry also altered
the balance of tree taxa across the landscape, as the preferential extraction of Quercus
and the drainage of land led to a shift from Quercus to Fagus dominance in many stands.
The shift to large-scale timber production is well-documented in both the pollen and
cartographical records. From REVEALS, there is a gradual decline in Quercus from the
AD1777-1852 period, as this taxon was felled from both the unenclosed and the enclosed
woodlands. This preferential felling of Quercus for timber occurred not only in the New
Forest but also in other pasture woodland systems around this time, e.g. the Western
Highlands of Scotland (Davies and Watson, 2007) and in southern Sweden (Brunet et al.,
2012). From this point onwards, Tilia and Ulmus also begin to decline, and Fagus begins
to expand quite rapidly, primarily as a result of the felling of Quercus on the Open
Forest. Pinus also increases due to its use in the Inclosure plantations, whilst Betula
experiences modest increases due to increased light availablity, again possibly due to the
felling of Quercus, which creates canopy gaps and facilitates Betula regeneration. The
expansion of Fagus may be due not only to the felling of Quercus but also to the
existence of the pasture woodland system, as Rackham (1980) states that Fagus in
ancient woodlands in England is particularly associated with a history of wood-pasture.
Waller and Schofield (2007) reported that an increase in Fagus pollen in woodlands in
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the Weald, southern England, was most likely indicative of their use as a pasture
woodland system. The decline in coppicing from the late 17th century is also reflected in
the pollen record, by the sharp and continuous fall in Corylus pollen from AD1777-1852
onwards, until it reaches the lowest point for the whole period of record in the
present-day. In modern times, trends in the New Forest continue to reflect those at the
national scale, as it too has seen a downward trend in the production of hardwood
timber, and an overall shift from landscape management for the supply of wood
products, towards an increasing emphasis on management for biodiversity conservation
and cultural services such as recreation and tourism. Similar trends have been observed
in other European wood-pasture systems, e.g. the Swiss Jura mountains, which in recent
decades have been increasingly used for recreation and tourism activities such as hiking,
cross-country skiing and picnicking (Sjögren, 2006).

9.2.1

The commoning tradition and the pastoral economy

Of the many ecosystem goods and services provided by the New Forest SES, the group of
services linked to the commoning tradition are amongst those which make the Park so
unique. Of the approximately 424,000 ha of common land in England, c. 22,000 are
found in the New Forest (Natural England, 2013). A multi-disciplinary long-term
approach to examining system change has shed light on the evolution of the commoning
system through time. This relates both to the management and exploitation of the
landscape for certain goods and services, and also to the role of traditional land
management practices associated with commoning, in shaping the landscape and driving
its dynamics. This section deals primarily with the former, i.e., the use of multiple
long-term records to examine the changes experienced by this system over time. The
latter is discussed in Section 9.3. Many of the changes in the commoning landscape and
the commoning tradition in the New Forest, can be viewed as part of a broader decline
in wood-pasture systems and pastoral economies across Britain and Europe in the last
two centuries. A decline in the commoning tradition or pastoral economy can be
reflected in a number of ways - a transition away from traditional land-use practices to
alternative and frequently more intensive land-use management strategies, a decline in
the area of land upon which commoning rights can be exercised, a decline in the quality
of existing commons, changes in the way in which commoning rights are exercised, the
erosion of commoning rights or a fall in the number of practising Commoners. In the
case of the New Forest, all of these are of relevance.
Traditional land-use strategies associated with wood-pasture systems have been in
decline across much of Europe (Bergmeier et al., 2010), and in Britain, the New Forest
remains one of the few areas where a pastoral economy based on commoning rights on
unenclosed land continues to be exercised (Clarke, 1988; Tubbs, 2001). However, even in
this landscape, the nature of the commoning tradition has changed through time in
response to socio-political and economic factors. Although the commoning tradition
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continues to persist, from the pollen, cartographic and documentary records it is clear
that it has changed through time, frequently as a result of conflict between the rights of
the Commoners’ and those of the Crown. This has resulted in the erosion of Commoners’
rights via a continuous decline in the area of pasture woodland and of high quality
grazing land available to Commoners’ stock, particularly from the early 17th century
onwards. Cox and Reeves (2000) highlight the fundamental role of open lands to the
commoning tradition, and state that the continuation of the right of pasture depends
largely upon the presence of extensive grasslands.
The changes observed in the Forest’s pastoral economy from the 1600s, have frequently
been the outcome of a shift between traditional land-use practices and the larger-scale
more intensive exploitation of the landscape, typically resulting in trade-offs in the
delivery of certain ecosystem services. These shifts were from relatively local small-scale
exploitation of the Forest landscape for turf, fuelwood, pannage, coppicing and
low-intensity (compared to the present-day) stock grazing and deer hunting in Medieval
times, to commercial timber production in the post-Medieval period. This phenomenon
is not unique to the New Forest, as such transitions have also acted as the catalyst for
the decline of traditional land management strategies and the loss of broadleaved pasture
woodlands elsewhere in Britain and Europe. For example, in the Scottish Highlands, the
ancient ‘shieling’ system of transhumance has disappeared completely since the end of
the 19th century due largely to land abandonment (Holl and Smith, 2007); in an
agrosilvopastoral system in southwest Spain, land-use patterns have shifted from
traditional management practices including grazing, pannage, beekeeping etc., to the
intensification of agriculture and livestock production (Moral et al., 2014), and in
Northern Lesvos, Greece, wood-pasture systems have experienced sharp declines in
traditional land management practices since the 1960s (Schaich et al., 2015). As in the
Forest, the emergence of large-scale timber production as a management priority,
resulted in the transformation of pasture woodland systems maintained by multiple use
management including grazing, to closed ungrazed forests for the purpose of timber
production in southern Sweden (Brunet et al., 2012), the Swiss Jura mountains (Sjögren,
2006), the Czech Republic (Jamrichová et al., 2013; Miklín and Čížek, 2014), southern
Monrovia (Szabó and Hédl, 2013) and across Central Europe (Bergmeier et al., 2010)
from the 19th century. This increase in timber production was frequently to meet the
demands of a rapidly rising population and a growing industrial sector (Bergmeier et al.,
2010) and sometimes, as in the New Forest, specifically to meet the demand for
shipbuilding, e.g. from the 15th to the 18th centuries for Navy shipbuilding in Spain
(Valbuena-Carabaña et al., 2010).
The continued practice of commoning rights in the Forest in the present-day, even after
some of the original conditions which gave rise to this way of life have changed, is related
primarily to tradition rather than to any economic benefits. Rights of common were
exploited as part of a farming system based on smallholdings of between 2 and 25
hectares (Tubbs, 2001), and as such contributed to the Commoners’ livelihood but did
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not constitute the main part of their earnings. In the present-day, Commoners’ animals
and the products derived from them are still traded in markets, although the practice is
maintained primarily due to its cultural significance and in the interests of maintaining
long-standing family traditions. Many of those that continue to exercise these rights are
the descendants of families who have been Commoners for generations (New Forest
District Council, 2011). There are currently around 470 practising Commoners, although
at least 1,300 properties have commoning rights (Forestry Commission, 2008c). The
rights to fuelwood, mast and particularly pasture are still practised today (New Forest
National Park Authority, 2012a), and the pastoral economy is central to the way of life
of those who live within the New Forest.
The relative insignificance of wood-pasture and commoning-related income has resulted
in the abandonment of traditional land-use practices elsewhere, e.g. in southern
Monrovia, the separation of wood-pasture into pastures, coppices and ultimately closed
plantation forest from the late-1700s to the mid-1800s resulted from the insignificance of
woodland-related income by the late 18th century, and the need for more firewood and
pasture by a growing population (Szabó and Hédl, 2013). In England, there has been a
general decline in the number of practising Commoners over time (Natural England,
2009). A similar trend has been observed in the New Forest, where there has been a fall
in the number of practising Commoners, even though the number of grazing animals has
been increasing, such that a small number of Commoners are responsible for the majority
of stock (Cox and Reeves, 2000). This fall in the number of people actively exercising
their commoning rights, due to the abandonment of the commoning tradition by young
people and the purchase of an increasing number of properties as holiday homes,
threatens the survival of this ancient tradition (New Forest District Council, 2011).
The continued existence of the pastoral economy within the Park is crucial not only for
the persistence of the commoning tradition itself and of the provisioning services it
provides, but also for its role in shaping the dynamics of the landscape. Although
anthropogenic woodland clearance is widely accepted as the driving force behind the
creation of pasture woodland systems, traditional land management strategies, and in
particular grazing by Commoners’ animals, are crucial for the maintenance of these
systems. However, there is also a need to strike a balance between a grazing pressure
that is sufficiently high to maintain the open areas of the landscape and promote high
biodiversity of the heathlands, grasslands and mires, and a grazing pressure that is low
enough so as not to prevent the establishment and growth of the tree component of the
system. The impacts of traditional land-use practices and other disturbance regimes on
the vegetation dynamics of the Forest are discussed in more detail in Section 9.3.

9.2.2

Carbon

Carbon sequestration and carbon storage capacity in the New Forest habitats was
examined in Chapter 6, solely in relation to overall changes in broad land-cover types
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from c. 1789 to the present-day. Although this approach does not include an in-depth
examination of carbon fluxes resulting from specific management strategies, it can
nonetheless shed light on their broad impacts on the carbon stocks contained in the
vegetation, litter and soil carbon pools within the New Forest. Many of the land-use
practices implemented within the Park over the last c. 400 years have impacted the
carbon sequestration and carbon storage capacity of the landscape. Those practices that
are likely to be most important in this regard are those which have affected the Park’s
woodlands and peatlands - the two most important carbon stores in the area.
Commercial forestry has been one of the most important drivers of land-cover change
and thus carbon dynamics in the Forest, and is discussed in relation to land-cover trends.
Several other drivers of change related to human management are discussed in relation to
their probable impacts on vegetation and soil carbon fluxes. Many of these activites are
related to commoning and the maintenance of open habitats and grazing land in
particular, and include large herbivore grazing, controlled burning, peat extraction,
drainage of wetland habitats and turf-cutting in the heathland habitats.
The role of woodland clearance in altering carbon stocks is complex. This practice has
been linked to the formation of the valley mires - more specifically, Tubbs (2001)
maintains that their formation is due to a poor hydraulic gradient and impermeable fill
in the valley bottoms, which facilitate mire formation in the event of a catalyst such as
anthropogenic woodland clearance or climatic factors. The removal of trees during these
periods may have eventually led to an overall long-term increase in carbon stocks as peat
accumulated. The New Forest mires are mainly classified as ‘soils with peaty pockets’ by
Natural England (2010, p. 7), defined as “areas of mostly non-peat soils, supporting
smaller pockets of deep peat such as flushes or exposures of buried peat too small to map
at a national scale”. From this publication, per hectare carbon stock values for deep
peats range from 388.4 tC (blanket bog and upland valley mires), 969.8 tC (lowland fens
and reedbeds substantially degraded following years of drainage and cultivation), 1,503.1
tC (lowland fens and reedbeds - deep) to 1,610.6 tC (upland and lowland raised bogs).
As the mean total carbon content estimate for the Forest’s ancient broadleaved
woodlands is 299.6 tC ha-1 , mire formation may have eventually led to an overall
increase in carbon stocks. However, as many of the New Forest mires are quite small, the
rapid loss of large areas of woodland together with soil disturbance may not have been
offset by carbon accumulation in peat growth for long periods of time.
In the post-Medieval period, from the early to mid-17th century, the felling of the ancient
pasture woodlands and their replacement with broadleaved and later conifer plantations
has, as depicted in Figure 7.15, resulted in an apparent depletion of total carbon stocks,
primarily due to the removal of living tree biomass. The significant carbon store
represented by old-growth woodlands is such that, even though the overall area of
wooded land increased from the late 18th to the 20th century due to the establishment of
plantations on previously unwooded areas and the natural expansion of woodland on the
Open Forest, woodland carbon stocks are lower in the present-day than in 1789.
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However, the approach employed in Chapter 7 examines only ‘snapshots’ of supposed
equilibrium carbon storage at specific points in time, and cannot accommodate the
carbon dynamics that occur between these time points.
The enclosure and felling of the original old-growth pasture woodlands led to an initial
drastic loss of vegetation and soil carbon, as soil disturbance leads to CO2 emissions to
the atmosphere (Luyssaert et al., 2008). However, the resulting timber products would
have continued to store carbon for long periods of time, limiting immediate carbon
emissions. Although plantation woodlands are typically felled and replanted every 60-70
years (Natural England, 2010), before the trees have reached their maximum biomass,
over successive rotations this practice results in overall carbon accumulation rates that
may equal, or even exceed, those achieved by an undisturbed stand over a similar period
of time. This can be the case even accounting for carbon losses due to soil disturbance as
the old stand is felled and a new stand planted, as young forests typically sequester
carbon at rapid rates. For example, Read et al. (2009) reported soil carbon losses during
the first 40 year rotation of a Picea sitchensis (Sitka spruce) plantation established on a
heather moorland due to soil disturbance resulting from ploughing, and the recovery of
soil carbon stocks during the second rotation as soil disturbance in replacing the first
rotation was minimised. The loss of soil carbon during the first rotation led to an overall
loss of carbon during the first 17 years of the stand, however net positive carbon
accumulation occurred at around 20 years with net accumulation of approx. 6.6 tC ha-1
yr-1 . Over the remaining 20 years of the rotation, this would lead to a total net carbon
accumulation of 131.9 tC ha-1 . Therefore, over successive rotations, particularly if soil
disturbance is minimised, total carbon accumulation rates can be high.
In the New Forest Inclosures, the clearing of the original pasture woodland gave rise to
the 18th and 19th century broadleaved plantations. The majority of these were
subsequently felled during the 20th century and replaced with conifer stands that are
now up to 90 years old, some of which have undoubtedly already been felled and
replaced. On this basis, after the removal of the original old-growth woodlands, these
two generations together are likely to have accumulated approximately the same net
amount of carbon over a c. 200-year period as that contained in the old-growth stands.
Therefore, commercial forestry practices, although leading to the drastic loss of large
areas of ancient woodland, have not necessarily been detrimental in terms of the overall
carbon budget. However, Cannell and Milne (1995) report that, although the
replacement of old, slow-growing woodlands with young, fast-growing plantations may
appear beneficial for the purposes of carbon storage, this overlooks the fact that old
undisturbed forests, although they may sequester carbon at much lower rates, store more
carbon than plantation woodlands. These authors state that the replacement of an
old-growth broadleaved woodland with a plantation woodland can result in the loss of up
to two-thirds of the carbon stored. This may partly explain how woodland vegetation
carbon stocks are significantly lower in the present-day compared to 1789, even though
the total area of woodland has increased over this period.
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The expansion of plantation forestry also resulted in the afforestation of previously
non-wooded land within the Inclosures - approximately 4,714 ha of open land were
enclosed in this way, much of which was planted with trees. The planting of enclosed,
previously non-wooded areas, and the invasion of heathland by self-sown Pinus sylvestris
that originated within the Inclosures has led, together with the natural expansion of
broadleaved woodland on the Open Forest, to an overall rise in woodland area. This will
have resulted in a rise in carbon stocks for these areas of the Forest. The conversion of
grassland to wooded land sequesters 0.1 tC ha-1 yr-1 (Dawson and Smith, 2007) - cited in
Alonso et al. (2012). However, this has occurred at the expense of the delivery of other
ecosystem services. As detailed in Section 9.2.1, the growth of plantation forestry and
the associated loss of grassland and heathland, resulted in the loss of suitable grazing
land for Commoners’ animals and the gradual erosion of commoning rights. It also led to
the intensification of grazing on the remaining unenclosed open land, the consequences of
which are discussed in more detail in Section 9.3.
The planting of open areas within the Inclosures may ultimately have resulted in an
overall loss of carbon where these areas were originally peatlands. From Chapter 4, of
the open land incorporated within the Inclosures, an estimated 172 ha were valley mires.
As in the present-day only approximately 31.5 ha of mires exist within the Inclosures,
this suggests that the remainder were replaced with plantation woodland - whether or
not they were also drained is difficult to ascertain. Although disturbance of the peat
leads to increased CO2 emissions, the planting of trees may compensate for the carbon
lost during drainage, as tree growth and litter accumulation sequester carbon. Following
afforestation, net carbon emissions from deep fen peatlands are 0.68 tC ha-1 in the early
years following planting (Natural England, 2010), although once trees reach a certain age
and biomass - 12 years in the case of a Picea sitchensis plantation (Cannell and Milne,
1995) - they may sequester sufficient carbon to compensate for that lost via peatland
degradation.
The Forest’s valley mires have remained largely intact (Forestry Commission, 2008c;
Natural England, 2010), which contrasts with many areas of the UK where wetlands
have suffered from drainage, peat cutting, agricultural expansion and urban
development, primarily over the last three centuries (Natural England, 2010; Alonso
et al., 2012). In England, less than 1% of deep peat is categorised as undamaged, and
70% of peatlands display on-the-ground degradation, resulting in the emission of
approximately 3 Mt CO2 -e annum-1 (0.82 MtC) (Natural England, 2010). In the New
Forest, although peatland degradation has not been as extensive as in other areas of
England, they have been exploited for a number of ecosystem services - primarily
peat-cutting, the desire to expand and enhance grazing land for Commoners’ stock and
possibly, to a lesser extent, afforestation. These activities have almost certainly resulted
in a decline in peatland carbon stocks. In Chapter 6, the limited information on
peat-cutting in the New Forest mires indicates that it impacted 31 valley mires over
approximately 200 years from the mid-1600s to the mid-1800s (Clarke, 1988). Although
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no data on the precise quantities of peat cut are available, this activity would have
resulted in the exposure and oxidation of the peat and the release of CO2 into the
atmosphere. Carbon emissions from deep peats following peat extraction are an
estimated 0.43 tC ha-1 (Natural England, 2010). Turf-cutting via the removal and
ultimately the combustion of organic matter, and disturbance leading to the
impoverishment of the soil, also results in net carbon emissions. This activity was carried
out from the 13th to the 20th century. Although these practices undoubtedly would have
had a negative impact on carbon stocks, they represented important commoning rights,
and turf-cutting was fundamental in the formation and maintenance of the heathland
habitat. Although turf-cutting has been responsible for the impoverishment of the
heathland soils, in this study they had some of the highest per hectare carbon content
values of 97.7-113.2 tC ha-1 . Relatively high values for podsol soils, which are quite
common under heathland habitats, were also found by Milne and Brown (1997), who
reported per hectare carbon stocks of between 176 and 212 tC for podsols, although it is
not clear from the publication to what depth of soil these values apply.
The commoning tradition has also led to mire degradation via drainage activities
(Forestry Commission, 2008c), undertaken primarily to enhance pasture for Commoners’
stock. Clarke (1988), Westerhoff and Clarke (1992) and Tubbs (2001) describe drainage
activities in the Park. Artificial drainage schemes were carried out from the mid-1800s,
since which time there have been three main periods of drainage activity. These include
the second half of the 19th century, during which just over 200 ha of the Forest are
estimated to have been drained, and the early 1920s to 1930. Activities during these two
periods mainly affected the lawn habitats, but also some of the valley mires, and were
aimed primarily at improving the pasture for stock. A third period from the 1950s to the
present day has focussed mainly on maintenance. Tubbs (2001) states that of the 27
schemes carried out between 1923 and 1930, nine involved significant damage to a
number of valley mires. Clarke (1988) reported that of the drainage works carried out by
the FC between 1965 and 1986, these affected 19 mires, of which 8 were significantly
damaged. Drainage of wet grassland and mire habitats results in CO2 emissions via the
oxidation of organic matter. Although peatland drainage leads to CO2 emissions as a
result of peat oxidation, it also reduces the emission of the more potent greenhouse gas
CH4 (methane), which is produced by undisturbed peat bogs (Natural England, 2010;
Alonso et al., 2012). However, drainage typically results in an overall net increase in
carbon emissions. The drainage of Forest land for the purpose of increasing and
enhancing the grazing resource available to Commoners’ animals not only likely resulted
in the loss of carbon from the grassland and mire habitats, but also largely failed to
achieve its purpose, as Clarke (1988) and Westerhoff and Clarke (1992) reported that
these activities may have yielded only marginal benefits to grazing, if they provided any
benefits at all.
Large herbivore grazing, although instrumental in the maintenance of the heathland,
grassland and mire habitats and in promoting species richness, also has an impact on
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carbon stocks, principally through the removal of aboveground living vegetation biomass
and the disturbance of the soil via trampling. Grazing results in the removal of the
majority of aboveground living biomass of grassland species. It also suppresses heathland
species where grazing is heavy, due to both the consumption of biomass and trampling,
dung and urine deposition, to which ericaceous plants are particularly susceptible
(Tubbs, 2001), at times resulting in the expansion of lawns at the expense of heathland
habitats. Clarke (1988) found that in grazed New Forest mire habitats, although species
richness was greater in grazed plots compared to controls, vegetation biomass was
reduced. In the woodlands, their impacts on living vegetation biomass relate primarily to
their consumption of tree seedlings and saplings which, although this may not result in
an immediate significant reduction in overall woodland vegetation biomass, can
significantly reduce future carbon stocks through the loss of individuals that can later
grow into adult trees. The impacts of high grazing pressure on woodland regeneration
and carbon stocks are discussed further in Section 9.3.

9.3

Resilience: past, present and future

When discussing the resilience of the landscape to certain pressures, it is important to
consider the role of disturbance regimes in creating and maintaining the present-day
cultural landscape, and to clearly recognise when a potentially beneficial ‘disturbance’
may become a detrimental ‘threat’. The pasture woodlands and the Park’s other
habitats owe their existence to both natural drivers, primarily climate (storms) but also
natural fires, and to anthropogenic activities including tree felling, large herbivore
grazing and browsing, anthropogenic burning, tree-felling, turf-cutting and other
traditional land management strategies. Bradshaw and Hannon (2004) highlight the
fundamental role of these disturbance agents, and the importance of multiple drivers of
change acting in unison to create and maintain pasture woodland landscapes. Rackham
(2008) stresses how many of these disturbance regimes can constitute threats once they
are outside the normal dynamics of the system. This author also highlights the
importance of considering landscape history in the creation of conservation and
management strategies. As per Cumming et al. (2015, p. 301), resilience is interpreted as
positive resilience, i.e., “resilience that helps PAs to achieve conservation goals”.
In the conservation and biodiversity management of protected social-ecological systems,
an understanding of the ‘historical range of variability’ (Landres et al., 1999; Swetnam
et al., 1999) is fundamental. This concept (also called the ‘natural range of variability’),
has been defined as the ecological conditions experienced by an ecosystem and their
spatial and temporal variation that are relatively unaffected by people (Landres et al.,
1999). In the context of this study, and keeping in mind the management objectives of
the national park, the historical range of variability is interpreted not as that range of
conditions that the New Forest experienced prior to all human intervention, but rather
those conditions that were instrumental in creating the heterogeneous landscape and the
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cultural heritage that exist today.
The land within the New Forest National Park is managed by a number of entities
including the Forestry Commission, which manages the crown lands, the National Trust,
which manages commons in the north of the Forest, Hampshire and Isle of Wight
Wildlife Trust, responsible for the management of several nature reserves within the
Forest, Hampshire County Council, and private landowners and estates responsible for
the management of their own lands. The Park Authority is charged mainly with
planning, and the Verderers with managing commoning and commoning rights. A
number of management plans exist regarding the Park, which are aimed at enabling it to
fulfill i ts p urposes a s a n ational p ark. Foremost a mongst t hese a re t he N ew Forest
Management Plan (New Forest National Park Authority, 2010), the biodiversity action
plan ‘Nature in the New Forest: action for biodiversity’ (New Forest National Park

Authority, 2012c) and the Landscape Action Plan (New Forest National Park Authority,

2013). These plans include in their central aims, to develop policies and actions that can
address the major social, economic and environmental factors that the Forest is likely to
face in the coming decades. These include issues discussed in previous sections including
climate change and traditional land management practices, as well as increased pressure
from the recreation and tourism industry, and high property prices and their impacts on
local people. The overall vision of management for the New Forest is the maintenance of
the Park’s mosaic of different habitats and its rich cultural heritage in the form of the
commoning tradition.
Throughout the late Medieval and much of the post-Medieval period, climate remained
relatively stable and human activities linked to commoning and deer hunting were the
main forces acting on the landscape. These climatic conditions and anthropogenic
influences, fundamental in shaping the present-day landscape, are defined here as the
historical range of variability for the Forest. The system as a whole can be said to have
been largely resilient to these pressures which represented ‘normal’ system dynamics.
The importance of appropriate disturbance regimes for species diversity has been
described by Connell (1979), who states that at intermediate disturbance levels, diversity
is maximised. However, over the last four centuries, due to shifts in land management
strategies from activities based largely on commoning rights to more intensive large-scale
practices, the range of pressures acting on the system began to exceed the range of
conditions experienced over the preceding centuries, leading to more drastic shifts in the
dynamics, structure and composition of both the physical and cultural landscapes. Such
shifts include the widespread loss of the ancient woodlands and the drastic increase in
the area of conifers due to plantation forestry, the erosion of commoning rights as these
were superseded by the interests of various entities including the Crown and later the
Forestry Commission, large fluctuations in grazing pressure, which had significant
impacts on vegetation and, in recent decades, more extreme climatic conditions.
Rackham (2008) stresses that a lack of human intervention can prove detrimental for
ancient woodlands, e.g. a lack of felling can have negative consequences for plants and
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animals that depend on open areas and different stages of regrowth, and that the decline
in this practice in English ancient woodlands over the last 50-100 years has resulted in
the loss of many species. In the Forest’s A&O woodlands, their low-intensity exploitation
to provide small quantities of wood and timber for the repair of hunting lodges,
fuelwood, coppice products, browse for deer and grazing for Commoners’ stock
throughout the late Middle Ages up to the end of the 16th century, led to relative
stability in these woodlands and the other Forest habitats in terms of their extent and
species composition. The biodiversity and conservation value of open woodlands as
shaped by past traditional land management techniques including wood-pasture,
coppicing and pollarding has been widely reported, e.g. in the Czech Republic (Miklín
and Čížek, 2014). In ancient woodland systems, biodiversity management practices must
imitate the scale and severity of natural disturbance regimes (Kelemen et al., 2009). The
high biodiversity value of these woodlands is related not only to continuity but also
partly to human activities (Hansson, 2001; Rackham, 2008; Bradshaw et al., 2015), and
also to their habitat heterogeneity, low levels of disturbance and the presence of old trees
(Bergmeier et al., 2010).
The expansion of the timber industry from the early to mid-17th century represented a
drastic change from the woodland exploitation experienced over the previous centuries.
From the pollen, cartographical and documentary records, it is apparent that the pasture
woodlands have not been resilient to activities related to commercial forestry. The
drastic increase in Fagus within many of these woodlands has, in recent decades, also
rendered them less resilient to climate change, as this species is much more susceptible to
extreme weather events, in particular drought and windthrow. As well as a decline in
their extent and a shift in species compostion, the ancient woodlands have also
experienced significant fragmentation (Sanderson, 2007), as the main blocks of A&O
woodlands were broken up by forestry practices. The destruction and fragmentation of
ancient woodlands has negative impacts on biodiversity, as it results in a narrower range
of habitats and fewer herbaceous species than larger woods (Rackham, 2008). Plantation
woodlands which replace ancient stands also tend to contain fewer ancient forest species
or indicators, as these generally have a poor dispersal ability in space and time, and so
colonise younger stands at a slow rate, particularly if they are far from remaining ancient
woodland fragments (Hermy et al., 1999; Hermy and Verheyen, 2007; Matuszkiewicz
et al., 2013). The existence of large old solitary trees in pasture woodlands is also related
to traditional management strategies, in particular pollarding, and is important for
biodiversity (Hartel et al., 2013). In the New Forest, those pasture woodlands not felled
for timber contain many such trees. Although many of the Forest’s ancient woodlands
have been lost, those 18th and 19th century plantations which remain within the
Inclosures, have the potential to develop into ancient woodland in the future. Younger
woodlands can also be important in terms of biodiversity value, e.g. Bradshaw et al.
(2015) reported that in Quercus-Fagus woodlands in the British Isles, stands of less than
200 years of age were considered of high biodiversity value.
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Large herbivore grazing and browsing, although critical for the maintenance of semi-open
pasture woodlands, can prove detrimental to these habitats if too intense (Bradshaw
et al., 2003). A balance needs to be struck between too low a grazing pressure that can
lead to the expansion of the woodland component of the pasture woodland system onto
the non-woodland component, and too high a grazing pressure that can lead to high
mortality rates amongst tree seedlings and saplings, and ultimately regeneration failure
as well as the impoverishment of ground flora. Periods of very high or very low grazing
pressure have been shown in many pasture woodland systems to be detrimental to the
dynamics of the system. Historically in the Forest, periods of very low grazing pressure
have been relatively rare, with the exception perhaps of the inter-war period - see Figure
6.7. However, a decline in or the complete cessation of grazing in other comparable
systems has led to natural vegetation succession, and the development of semi-open
pasture woodland into closed forest, e.g. in Tuscany (Agnoletti, 2007), Ashstead
Common in Surrey (Waller, 2010), and Northern Lesvos, Greece (Schaich et al., 2015).
Cox and Reeves (2000) state that a future failure of younger commoners to exercise their
commoning rights as older commoners retire or die, could lead to a drastic decline in the
number of animals depastured on the Open Forest. This would undoubtedly have
negative consequences for the vegetation composition and structure, not only of the
pasture woodlands, but also the open habitats. Appropriate grazing pressure is also an
important management tool in the maintenance of the open habitats and in promoting
their species richness (Cox and Reeves, 2000), as exceedingly low grazing or a cessation
of grazing pressure would be detrimental to heathland and mire communities (Clarke,
1988). In pasture woodland habitats, sufficient grazing pressure is also important for
biodiversity, as excessive shade is a threat to those plants and animals that depend on
open areas (Rackham, 2008).
High grazing pressure has played a role in the degradation of forests in many areas in
Europe, e.g. the Iberian peninsula during the 13th and 14th centuries as a result of
merino sheep transhumance (Valbuena-Carabaña et al., 2010), and Northern Lesvos,
Greece where high grazing pressure in a pasture woodland system has led to woodland
regression in some areas (Schaich et al., 2015). Excessively high grazing pressure has
been a serious issue in the Forest, and as outlined in Chapter 8, has been linked to the
widespread regeneration failure of tree species in the pasture woodlands. Rackham
(2008) notes that recent and current numbers of deer and other large ungulates exceed
the historical dynamics of the system, and thus can constitute a threat to ancient
woodlands. The periodic increase in grazing pressure on the Open Forest, particularly
since the mid-20th century, has been due not only to an increase in the total number of
animals, but also to a shift in the species composition of the Commoners’ stock. Figure
6.7 shows that since the 1950s and in particular the 1970s, there has been a
predominance of ponies, which has contributed to the increase in grazing pressure on the
Open Forest. Shifts in the composition of grazing populations have had impacts on other
pasture woodland systems, e.g. in Southern Transylvania, where wood-pastures are
currently grazed predominantly by sheep, whereas a mixture of cattle, horses, water
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buffalo (Bubalus bubalis) (originally from South and Southeast Asia but heavily
domesticated and now widespread (Roth, 2015)), and pigs were grazed by the Saxons
(Hartel et al., 2013). In the context of the Hartel et al. (2013) study, the Saxons refer to
Transylvanian Saxons, who migrated to Transylvania from present-day Germany and
Luxembourg in the 12th and 13th centuries, where they remained an important ethnic
group until the mid-20th century (Sutcliffe et al., 2014).
High grazing pressure in the past has also on occasion been responsible for shifts in
habitat type between the grassland and heathland communities. The significant
expansion in the area of grassland observed via historical map analysis from 1933-43 to
2013, and the large increase in Poaceae, Herbs, Rumex and Plantago seen in the
REVEALS outputs from c. 1852, correspond with, as explained in Section 9.2, the
intensification of many anthropogenic activities and in particular tree felling and large
herbivore grazing. The role of grazing in the expansion of lawns since the 1960s has also
been noted by Tubbs (2001), who states that grassland expansion has been partly due to
the susceptibility of ericaceous heathland species to destruction by trampling and to high
nitrogen and potassium concentrations in urine. The changes in these systems highlight
the importance of appropriate and sustainable grazing pressure in maintaining open
areas in pasture woodland systems, including preventing grassland encroachment in the
heathland habitat, while at the same time permitting tree regeneration.
In recent decades, anthropogenic climate change which has led to conditions that exceed
the historical range of variability of the system. This has had significant impacts on the
pasture woodlands in particular, as described in Section 8.1.1.1. The outputs of the
modelling exercise show that under a range of projected future climatic conditions, those
taxa most susceptible to extreme conditions - Fagus, Betula and Fraxinus - may suffer
disproportionate losses, whereas drought-tolerant and wind-hardy Quercus is likely to
persist. However, should grazing pressure persist at 2014 levels, and assuming as per
Tubbs (2001) that this grazing pressure is sufficiently high to cause the almost total
failure of trees to survive past the seedling stage, then all taxa could face widespread
collapse. In the woodland model, Betula has been classified as highly resilient to grazing
following the FORCLIM model (Bugmann, 1994), and thus does not suffer
grazing-induced mortality. However, Westerhoff and Clarke (1992) and Tubbs (2001)
have reported that it is readily eaten by Commoners’ stock. Therefore, contrary to that
indicated by the model outputs, suppression of Betula regeneration is likely to occur in
addition to other broadleaved taxa. Taking this into account, the degree of future canopy
openness as a result of high grazing pressure would be greater than that depicted in
Figures 8.17-8.21. The purpose of the modelling exercise was to explore potential
trajectories for the ancient woodlands under plausible conditions of future stress, and
acknowledges that the woodland unit modelled cannot represent the habitat as a whole.
However, it does yield useful insights into the threat posed by sustained high grazing
pressure and climate change - two of the factors cited by Quine et al. (2011) as
significant threats to UK woodlands.
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Although fire, whether accidental or controlled, was not explicitly examined in this
study, it too has an important role in driving landscape dynamics, and is cited as a
major driving force in the opening up of many European landscapes (Bradshaw and
Hannon, 2004). However, increases in the frequency, severity and duration of severe and
extreme drought events since the mid-20th century, have led to a rise in the area of
woodland burned, including in the New Forest following the 1976 drought. Under future
climate change projections, these events are likely to become more frequent and severe,
with potentially detrimental impacts. Hartel et al. (2013) reported that the occurrence
of fire, used as a means of clearing pasture land in Southern Transylvanian wood-pasture
systems, resulted in the permanent damage of many large veteran and ancient trees and
in some cases their death. The deviation of future fire regimes from the range of
variability experienced by the system over recent centuries may lead to the burning of
larger areas of woodland.
The impacts of future land-use and land-cover patterns on carbon storage are not directly
quantifiable in this study, as the modelling exercise does not produce future projections
of land-cover patterns or vegetation biomass. However, it is possible to discuss the
potential implications of continued high grazing pressure and future climate change, the
regeneration failure of the A&O woodlands, and the increased opening up of the
landscape on future carbon stocks. Woodlands and forests will continue to be a carbon
sink as long as the trees are growing, and although veteran trees will sequester a certain
amount of carbon, long-term woodland productivity depends upon the recruitment of
younger trees. High rates of mortality amongst veteran trees due to extreme weather
events, increased occurrence and severity of fires etc., will ultimately lead to carbon
emissions as they decay. Luyssaert et al. (2008) state that as the decay of tree stems can
take decades, and regeneration and growth of younger individuals to fill the space left by
the dead tree operate at shorter timescales, old-growth woodlands with tree losses do not
necessarily become carbon sources, as has been observed in even-aged plantations.
Where grazing pressure remains high, this impacts carbon stocks via the direct
consumption of biomass and litter by large herbivores and a subsequent lack of tree
recruitment. This regeneration failure could result in the long-term in these woodlands
becoming a net carbon source. As evidence indicates that regeneration is not occurring,
or is occurring only to a limited extent within the A&O woodlands as a result of high
grazing pressure, in the long-term this is likely to impact on carbon stocks via its effect
on tree regeneration rates. Although a combination of high grazing pressure and extreme
climatic conditions in the coming decades may lead to higher rates of mature and
veteran tree death, and a paucity of younger trees to replace them, for certain native
broadleaved species, the overall effects on carbon storage may not be detrimental, as
these species could be replaced by others that are more resilient to the climatic
conditions predicted to exist in the future. The persistence of the commoning tradition
has proved it to be relatively resilient to past pressures, although it exists today in a
modified form. The cessation in the practice of many rights of common and the decline
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in the number of practising Commoners, together with the increasing trend in the
purchase of second homes by those who do not exercise their commoning rights,
represent threats to this traditional way of life.

9.4

Conclusions

Walker et al. (2002) state that “the goal of resilience management is to prevent an SES
from moving into undesirable configurations”. In the context of the New Forest,
‘undesirable configurations’ include the loss or degradation of the present-day habitats, a
loss or decline in the delivery of ecosystem services and biodiversity, and the
disappearance of the commoning tradition. Although Tubbs (2001, p. 29) maintains that
“the Forest is large and diverse enough to accommodate the impact of [catastrophic and
largely climatic in origin] events without evident loss of biodiversity or aesthetic quality”,
the evidence would suggest that this is not the case. When drivers of change in the Park
have exceeded their historical range of variability, certain elements of the system have
not been resilient to these pressures, leading to significant changes in the landscape.
The Park Authority recognises that the Forest’s habitats and landscapes are threatened
by fragmentation and degradation due to various pressures including land-use change,
changes in land management practices, climate change, expansion of the built
environment and increasing tourism and recreational use (New Forest National Park
Authority, 2010). In the development of conservation and biodiversity management
strategies, it is important to consider not only past patterns but also what is possible in
the future. In the New Forest, this means the maintenance of the commoning tradition
and traditional land management practices at the correct scale and intensity to conserve
its various habitats. The continued practice of commoning rights is partly due to
supporting schemes, such as the Verderers Countryside Stewardship Scheme, which aims
to increase the number of practising commoners and the numbers of stock put out to
pasture on the Open Forest (New Forest National Park Authority, 2010). In recent
years, other long-abandoned traditional management practices have resumed, aimed at
improving the quality of the pasture woodlands and enhancing the services they supply.
These include the pollarding of holly to provide winter browse for deer, and the
occasional pollarding of Fagus, Fraxinus and Quercus to maintain the aesthetic quality of
the woods (Forestry Commission, 2008b).
Specific management objectives for the A&O woodlands include the maintenance of their
current configuration and of the current woodland to grazing land ratio (Forestry
Commission, 2008b). Selective tree felling and grazing have been used effectively as a
management tool to maintain the open areas of the landscape without inhibiting
woodland regeneration in other European wood-pasture systems, e.g. in the Swiss Jura
mountains (Sjögren, 2006). Selective felling in the ancient woodlands is carried out to a
limited degree, and only when there is a need to promote regeneration. There is no limit
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to the number of animals that Commoners’ can depasture on the Open Forest, and the
regulation of grazing pressure is difficult, as commoning and common rights are regulated
by the Verderers and not by the Park Authority or the Forestry Commission. As the
Verderers and Commoners prioritise the practice of their rights and the maintenance of
the open habitats, they are disinclined to limit the numbers of stock and, as evidenced
by the Stewardship Scheme, actively encourage an increase in stock numbers.
In many palaeoecological and long-term studies of landscape evolution, the question of
what, or rather when, represents ‘natural’ landscape conditions comes to the fore, and
makes the development of management and conservation strategies all the more complex.
However, a long-term perspective can be used to inform such strategies, as it allows the
identification of those elements of the system that are vulnerable or lack resilience to
specific pressures, and the development of management practices to either reduce the
pressures on the system or increase its resilience. In the creation of such strategies, the
role of humans and traditional land management practices in the landscape should not
be ignored. In the New Forest, cultural influences together with natural drivers of change
have given rise to a mosaic of different habitat types that deliver a range of ecosystem
services, high levels of biodiversity, and a rich cultural heritage. Over the last
millennium, it has supported multiple and frequently conflicting uses. Its continued
capacity to do so depends on appropriate management strategies that protect, conserve
and where necessary restore those social and ecological elements of the landscape that
provide ecosystem services and maintain biodiversity.

Chapter 10

Conclusions
• Land-cover and vegetation composition in the New Forest have changed
significantly over time, as revealed by historical maps and documentary evidence.
Over the last four centuries, commercial forestry in particular has had a drastic
impact on the landscape, resulting in the loss of many of the ancient broadleaved
pasture woodlands, and a decline in the area of grazing land available to
Commoners’ stock. Of the 7,962 ha of ancient pasture woodlands in the Forest in
c. 1789, only 2,646 ha remain today.
• Pollen-based vegetation cover reconstruction supports the cartographic record,
revealing that there has been a gradual opening up of the landscape over time, with
an overall decline in broadleaved woodland from a maximum of 85.6% during the
BC1300-BC800 period, to a present-day minimum of 27.7%, with corresponding
increases in open land indicators, in particular Poaceae and indicators of
disturbance, i.e., Rumex and Plantago. The close agreement of the pollen-based
reconstructions with other sources of evidence has demonstrated that this approach
can be effective, even when pollen records from ‘non-ideal’ sites are used.
• Multi-decadal and multi-centennial datasets provided information on human use of
the landscape for a range of ecosystem goods and services, as well as on drivers of
system change, over the last 400 years. These demonstrated that many of the
changes in land-use and land-cover, described using historic map analysis and
pollen records, were largely driven by management strategies aimed at enhancing
the supply of important provisioning and cultural ES at different points in time.
The demand for certain services over the last thousand years has included deer
(11th - 19th century), coppice products (14th - 17th century), fuelwood, turf and
peat (12th - 19th century), timber (16th century - present) and commoning (11th
century - present). In more recent decades, cultural services such as recreation and
tourism (early 20th century - present) have become more prominent.
• Anthropogenic climate change has also been an important driver of system change
in recent decades. Over the 1659-2014 period of record, there was an overall
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increase in mean temperature of 0.93, 1.13 and 1.37 ◦ C for the spring, autumn and
winter seasons respectively. There were also numerous severe-extreme droughts,
with the years 1911, 1949, 1976 and 1995 experiencing the most severe summer
drought events, and an overall increase in drought severity over the 1766-2014
period of record.
• The New Forest represents an area of high carbon stocks when compared with the
surrounding region. Within the Park, the ancient woodlands are the most
important vegetation carbon stock, containing between 196.6 and 252.8 tC ha-1 in
their vegetation and litter. Heathland soils were the most carbon-rich non-peat
soils, with between 97.7 and 113.2 tC ha-1 in the top 15 cm of soil. The total
carbon stock across all land-cover types, in both vegetation and soils, within the
New Forest perambulation was estimated to be 6.25 million tC. Although the
carbon content of the mires was not included in the field study, values from the
literature indicate that they are the most carbon-rich land-cover type in the Park.
The high density of this habitat within the Forest contributes to its relatively high
carbon content status. Analysis of historic changes in total carbon stocks as a result
of land-cover change, found that total stocks decreased over the 1789-present-day
period, largely due to the reduction in the area of ancient broadleaved woodland.
• In the past, grazing and climate change have been amongst the most significant
drivers of change in the landscape, and particularly in the Ancient & Ornamental
woodlands. Model projections indicate that they will continue to be important in
driving woodland dynamics in the future, as the increasing frequency and
magnitude of extreme weather events could prove detrimental to certain taxa
including Fagus, Fraxinus and Betula, whereas Quercus is likely to prove relatively
resilient to both drought and windthrow. Sustained high grazing pressure,
maintained at 2014 levels, may also cause widespread regeneration failure for many
broadleaved taxa, including Quercus. The long-term consequences of future climate
change and continued heavy grazing and browsing by deer and Commoners’ stock
include the potential opening up of the canopy and a shift to a grassland habitat.
• The climatic conditions and management strategies experienced by the system
throughout the Medieval period to the early 17th century were taken to represent
the historical range of variability. Where drivers of change have exceeded this
range, certain elements of the system have not been resilient to these pressures,
resulting in significant changes to t he l andscape a nd i ts a bility to d eliver ecosystem
services. For example, the A&O woodlands have not been resilient to the shift
from traditional land management practices such as coppicing, pollarding and low
intensity grazing, to large-scale commercial forestry and increased grazing and
browsing pressure, leading to the widespread loss of these woodlands. This has led
to changes in their structure and composition, and the regeneration failure of many
native broadleaved tree species. In the present-day woodlands, certain taxa, most
notably Fagus, have not been resilient to climate change, and in the future will
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continue to suffer disproportionately under the increasing frequency and severity of
drought and storm events. The potential consequences of future woodland collapse
are numerous, and include the loss of ancient woodland biodiversity, a decline in
carbon stocks as no new trees arise to sequester carbon, and a loss of aesthetic
beauty and associated negative consequences for tourism and recreation.
• The commoning tradition has persisted, although it has changed over time, as
commoning rights have been eroded, common land has been enclosed for timber
plantations and, in more recent times, the number of practising Commoners has
decreased. This important cultural ecosystem service has remained relatively
resilient to these pressures up to the present-day, although in the future the
continued abandonment of commoning rights by younger generations, and the
influx of second-home owners who do not exercise their commoning rights, could
result in the loss of this ancient tradition, and of the important influences it exerts
on the New Forest landscape.
• The overall vision of management for the Park centres around the maintenance of
its mosaic landscape and its commoning tradition. In order to achieve this, a
balance must be struck between the multiple and often competing demands on the
system. Over the last millennium, the landscape has supported multiple uses, and
its continued capacity to do so depends on appropriate management strategies that
protect, conserve and where necessary restore those social and ecological elements
of the landscape that provide ecosystem services and maintain biodiversity. Of
central importance in the system is the relationship between the commoning
tradition and woodland dynamics. Although large herbivore grazing is crucial to
the maintenance of the open habitats and their biodiversity, it is very important to
achieve the correct balance in terms of the number of Commoners’ animals present
on the Open Forest, such that the commoning way of life can be protected and the
important role of grazing in vegetation dynamics maintained, but which permits
the survival and growth of tree reproduction within the woodland component of
the pasture woodland system. A reduced grazing intensity that facilitates the
regeneration of native broadleaved tree species would also help to increase the
resilience of the system, by reducing the level of disturbance and stress in these
woodlands, thus making them better able to persist in the face of future climate
change, and to continue to deliver ecosystem goods and services.
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A.1

Georeferencing of the 1789 Drivers’ Map

Details of georeferencing of the second edition of the Drivers’ Map by Dr Laura Basell,
on behalf of the New Forest National Park Authority: “Georeferencing was undertaken
using 84 key control points which were considered unlikely to have moved and could be
seen to be minimally altered by comparison with the 1:25,000 OS map used as the
reference and supplied by the NFNPA. Such features included selected bridges, major
road junctions, field/enclosure boundaries. The rivers and other fluvial features were
NOT used as reference points. Efforts were made to keep the residuals low but this was
challenging, and also to distribute the control points across the map as far as possible.
However, when control points were situated in the Beaulieu estate region, the errors
increased dramatically. It seems very likely that Driver and colleagues may have derived
these data from estate maps supplied to them rather than actually mapping in the field.
It is clear that no details were made available to the mappers for Minstead Manor and
other privately held estate lands. For this reason, very few control points were put in
these locations. The final 1st Order Polynomial (Affine) Transformation of this map...[is]
called “GRPDM1”. This stands for GeoreferencedPolynomialDriversMap1.
A second transformation was then performed using the same control points. This was a
Spline transformation, which effectively “rubber sheets” the image between the control
points. This means that the software forces the points to match those to which they have
been matched on the 1:25,000 OS map, and stretches the images in between.
Superficially this can make the image look as though it is more accurate, but the down
side is that the meanders of the streams etc. can be stretched.”
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Time point

Map name

1789

Inventory of Ancient Woodlands

1789

A&O Woodland Stand Types

1789

Ancient Habitat Complexes

Second Edition Drivers’ Map

Reclassified LULC category

Ancient semi-natural woodland

Broadleaved woodland

Cleared ancient woodland

Broadleaved woodland

Ancient & Ornamental woodland

Broadleaved woodland

Acid grassland

Grassland

Large or located wet lawns

Grassland

Mixed heathland on slopes or low ground

Heathland

Plateau heathland

Heathland

Former farmland or gardens

Other

Large or located mires

Mire

Pasture woodland dominated by holly

Broadleaved woodland

Extensive pasture woodland with glades

Broadleaved woodland

Smaller and more isolated pasture woodland

Broadleaved woodland

Riverine woodland and wet lawn

Broadleaved woodland

Enclosed woodland

Other

Encroachments

Private land (Urban/Suburban)

Intermediate property

Private land

Open land

Heathland, grassland, mire, inland water bodies,
coastal mudflats and saltmarsh etc.
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1789

Original LULC category
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Table A.1: Details of the original LULC categories from each of the maps and their reclassification in the derived LULC layers, to facilitate comparison
between maps and the estimation of LULCC over time within the New Forest.

Time point

1933-43

Map name

Land Utilisation Survey of GB

Original LULC category

Reclassified LULC category

Forest and Woodland

Woodland

Heath and Moorland

Heathland/Mire

Meadowland and permanent grass

Grassland

Gardens

Urban/Suburban

Land agriculturally unproductive

Urban/Suburban

Water bodies

Water bodies

Arable land

Arable land

Sea

Other

Sand/mudflats etc.

Other
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Table A.1: Details of the original LULC categories from each of the maps and their reclassification in the derived LULC layers, to facilitate comparison
between maps and the estimation of LULCC over time within the New Forest.
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Time point

Original LULC category

Reclassified LULC category

Broadleaved, mixed and yew woodland

Broadleaved woodland

Coniferous woodland

Coniferous woodland

Improved grassland

Grassland

Neutral grassland

Grassland

Calcareous grassland

Grassland

Acid grassland

Grassland

Dwarf shrub heath

Heathland

Fen, marsh and swamp

Mire

Boundary and linear features

Urban/Suburban

Built-up areas and gardens

Urban/Suburban

Rivers and streams

Inland water bodies

Standing open water and canals

Inland water bodies

Arable and horticulture

Arable land

Bracken

Other

Inland rock

Other

Supra-littoral rock

Other

Supra-littoral sediment

Other

Littoral rock

Other

Littoral sediment

Other

Unidentified habitat

Other

Unidentified water

Other

BAP Broad Habitats Map
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c. Present day

Map name

272

Table A.1: Details of the original LULC categories from each of the maps and their reclassification in the derived LULC layers, to facilitate comparison
between maps and the estimation of LULCC over time within the New Forest.
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B.1

Description of the New Forest pollen sites

• Cranes Moor: the area surrounding Cranes Moor is composed primarily of Pinus
sylvestris-dominated woodland, some old stands of Quercus spp. and Fagus
sylvatica, heathland and some agricultural lands. The onsite vegetation is
dominated by a central area of Sphagnum covering approx. 65% of the site, with
15% wet heath transition community and 10% Molinia/Myrica/Erica tetralix cover.
• Hive Garn Bottom: Hive Garn Bottom is found in an area dominated by open
heathland and plantations (primarily to the south of the site). These plantations
are dominated by Pinus sylvestris, Pinus nigra spp. laricio, Pseudotsuga menziesii,
Picea abies and Quercus. The vegetation on the bog surface is approx. 65%
Sphagnum lawn, 32% Molinia/Myrica/Erica tetralix, and 3% flushing water
community.
• Rakes Brakes Bottom: Rakes Brakes Bottom is in an area of heathland surrounded
by plantations comprised of Pinus sylvestris, Quercus and Pseudotsuga menziesii,
and areas of open ancient woodland composed mainly of Quercus spp. and Fagus
sylvatica. The onsite vegetation is mainly Sphagnum lawn (approx. 95%) and 5%
flushing water community.
• Alderhill Bottom: Alderhill Bottom is found in close proximity to Hive Garn
Bottom. The onsite vegetation consists of approx. 40% Molinia/Myrica/Erica
tetralix, 35% Sphagnum lawn and 25% flushing water community.
• Barrow Moor: Barrow Moor is located within Mark Ash Wood, a Fagus sylvatica
and Quercus spp.-dominated ancient and ornamental woodland, which also
contains Taxus baccata, Fraxinus excelsior, Malus sylvestris, Betula pendula and
Pinus sylvestris. This wood is surrounded largely by plantation woodlands. The
onsite vegetation is dominated by wet Alnus glutinosa carr woodland (approx.
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80%) with 5% Molinia/Myrica/Erica tetralix community, 15% open wet acidic
woodland ground flora, and 80% covered by wet acidic woodland ground flora lying
beneath the Alnus glutinosa carr.
• Church Moor: Church Moor is also located within Mark Ash Wood. The bog
surface vegetation is diverse with approximately 30% Molinia/Myrica/Erica
tetralix community, 30% Sphagnum lawn, 25% wet Alnus glutinosa carr woodland,
10% wet fenny woodland ground flora, and the remainder wet acidic woodland
ground flora (with a large proportion lying under the Alnus glutinosa carr).
• Gritnam Bog: Gritnam Bog lies within an area of predominantly Quercus spp. and
Fagus sylvatica woodland, which also contains Ilex aquifolium, Taxus baccata and
Fraxinus excelsior, and is in close proximity to small urban areas and their
associated agricultural lands. The onsite vegetation is dominated by Sphagnum
lawn (approx. 60%) and flushing water community (Juncus acutiflorus, Molinia
caerulea, Hypericum elodes, Potamogeton polygonifolius, Eriophorum augastifolium
and Cirsium dissectum) (40%).
• Stephill Bottom: Stephill Bottom lies within a large area of heathland with
plantation woodland to the south comprised mainly of Fagus sylvatica, Quercus
spp. and Pinus sylvestris. The vegetation on the bog surface (for that part of the
bog in which the cores were taken) is composed primarily of Molinia/Myrica/Erica
tetralix (65%), wet Alnus glutinosa carr woodland (15%), wet fenny woodland
ground flora (15% - beneath the Alnus glutinosa carr), flushing water community
(15%) and Sphagnum lawn (5%).
• The Noads Bog: The Noads Bog lies within an area of heathland surrounded by
plantations (composed mainly of Pinus sylvestris, Pinus nigra spp. laricio, Fagus
sylvatica and Quercus spp.), some small patches of ancient woodland and valley
bottom mires. The majority of the site is covered by wet Sphagnum lawn (approx.
75%) and Molinia/Myrica/Erica tetralix (25%).

Lab. no.

Material dated

SUERC-4210

Seeds (Carex undiff.), charcoal, leaves,
Sphagnum leaves
Seeds (P. natans, Carex undiff.),
Sphagnum leaves, coleoptera

SUERC-4211

Depth below
ground level (cm
BGL)
57
83

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

2635±26

-27.9

2085±25

-26.3

Calibrated age
(years BP at 2σ
(95.4%) range)1
2782 (95.4%) 2740
2130 (94.2%) 1990
1960 (1.2%) 1950
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Table B.1: Radiocarbon dates obtained from Alderhill Bottom.

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Table B.2: Radiocarbon dates obtained from Barrow Moor.

Material dated

SUERC-4200

Seeds (Ranunculus type, Rubus type,
Carex undiff.), charcoal, bud scales
(undiff.), leaves, Sphagnum leaves,
coleoptera
Seeds (Rubus type, Carex undiff.),
charcoal, bud scales (undiff.), leaves, twig
fragments (undiff.)
Seeds (Alnus glutinosa, Betula undiff.),
leaf fragments (undiff.), bud scales
(undiff.)
Seeds (Alnus glutinosa, Betula undiff.,
Carex undiff.), leaves, bud scales
(undiff.), twig fragments, coleoptera
Wood fragment (twig undiff.)

SUERC-4707
SUERC-6792
SUERC-4708
SUERC-6798
SUERC-4201
SUERC-4202

Seeds (Carex undiff., Betula undiff.
fruits), bud scales (undiff.), coleoptera
Seeds (Betula pendula fruits, Carex
undiff.), leaves, coleoptera

775±24

-27.9

Calibrated age
(years BP at 2σ
(95.4%) range)1
735 (95.4%) 665

50

937±20

-28.7

930 (95.4%) 790

65

1102±25

-27.9

1070 (95.4%) 950

82

1688±25

-27.3

1690 (15.8%) 1650
1630 (79.6%) 1530

105

352±20

-29.0

125

3203±24

-26.4

500 (44.6%) 420
400 (50.8%) 310
3470 (95.4%) 3360

152

3346±23

-27.8

3640 (95.4%) 3470

Depth below
ground level (cm
BGL)
50

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

Source: Grant (2005), Grant et al. (2009)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Lab. no.

Lab. no.

Material dated

SUERC-4193

Seeds (Rubus type, Carex undiff.,
Potomogeton natans, Sambucus ebulus),
leaves, coleoptera
Seeds (Ranunculus type, Betula undiff.
fruits, Potomogeton natans, Sambucus
ebulus), leaves, coleoptera
Seeds (Ranunculus repens, Potomogeton
natans, Sambucus ebulus, Carex nutlets
(undiff.), Rubus fruticosus)
Seeds (Sambucus ebulus, Rubus type,
Potomogeton natans, Carex undiff.),
Sphagnum leaves
Seeds (Rubus type, Alnus glutinosa),
charcoal, Sphagnum leaves, monocote
node
Seeds (Carex undiff.), charcoal, leaves,
Sphagnum leaves
Seeds (Carex undiff.), charcoal
Charcoal & charred bud scales (undiff.)

SUERC-4194
SUERC-5908
SUERC-6793
SUERC-4197
SUERC-4198
SUERC-4199
SUERC-6794

Depth below
ground level (cm
BGL)
42

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

Calibrated age
(years BP at 2σ
(95.4%) range)1
310 (39.1%) 270
210 (46.5%) 140
20 (9.8%) 0
300 (23.2%) 270
220 (57.0%) 140
20 (15.2%) 0
690 (91.3%) 650
590 (4.1%) 570

218±24

-28.6

83

196±19

-27.7

90

712±24

-24.7

100

776±25

-27.5

735 (95.4%) 670

108

4815±27

-27.3

5610 (31.6%) 5570
5550 (63.8%) 5470

174

7319±43

-26.5

8190 (95.4%) 8010

200
235

7945±48
9170±57

-28.1
-28.7

9000 (95.4%) 8630
10500 (95.4%) 10230
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Table B.3: Radiocarbon dates obtained from Church Moor.

Source: Grant (2005), Grant et al. (2009)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Table B.4: Radiocarbon dates obtained from Cranes Moor.

Material dated

SUERC-6796

Calluna vulgaris leaves, monocote
(undiff.), leaves

SUERC-5243

Sphagnum leaves & stems

SUERC-5244
SUERC-6802
SUERC-5246
SUERC-6803

Sphagnum
Sphagnum
Sphagnum
Sphagnum

Depth below
ground level (cm
BGL)
46

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

277±30

-27.4

80

4972±31

-26.3

stems
stems
stems
stems

140
180
230
270

6000±37
6585±39
5790±34
7909±47

-27.5
-25.9
-27.6
-26.6

SUERC-5247

Sphagnum leaves & stems

328

8698±53

-27.5

SUERC-6805

Sphagnum leaves & stems

400

9204±57

-23.6

leaves
leaves
leaves
leaves

&
&
&
&

Calibrated age
(years BP at 2σ
(95.4%) range)1
440 (51.0%) 350
340 (41.0%) 280
170 (3.5%) 150
5860 (2.9%) 5830
5750 (92.5%) 5600
6940 (95.4%) 6740
7570 (95.4%) 7420
6670 (95.4%) 6490
8980 (28.1%) 8820
8810 (67.3%) 8590
9890 (3.8%) 9840
9830 (91.6%) 9540
10520 (95.4%) 10240

Source: Grant (2005), Grant et al. (2014)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Lab. no.

Lab. no.

Material dated

SUERC-4204

Seeds (Ranunculus type, Rubus type,
Potomogeton natans, Betula undiff.
fruits, Sambucus ebulus, Carex undiff.),
leaves, Sphagnum leaves, coleoptera
Seeds (Carex undiff.), bud scales
(undiff.), Sphagnum leaves
Leaf fragments (undiff.), Carex nutlets
(undiff.), bud scales (undiff.)
Seeds (Carex undiff.), charcoal,
Sphagnum leaves
Seeds (Betula undiff. fruits, Carex
undiff.), bud scales (undiff.), charcoal,
leaves, Sphagnum leaves
Ericaceae stem fragments

SUERC-4207
SUERC-6797
SUERC-4208
SUERC-4209
SUERC-6806

Depth below
ground level (cm
BGL)
40

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

334±24

-27.3

Calibrated age
(years BP at 2σ
(95.4%) range)1
470 (95.4%) 310

57

429±19

-25.7

515 (95.4%) 469

75

630±20

-28.7

90

2792±26

-29.1

108

3386±27

-33.0

670 (38.3%) 620
610 (57.1%) 550
2960 (85.7%) 2840
2830 (9.7%) 2790
3700 (93.5%) 3550
3510 (1.9%) 3480

125

2405±26

-28.0
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Table B.5: Radiocarbon dates obtained from Gritnam Bog.

2680 (6.9%) 2640
2500 (88.5%) 2340

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Table B.6: Radiocarbon dates obtained from Hive Garn Bottom.

Material dated

SUERC-4212

Charcoal, Sphagnum leaves

Depth below
ground level (cm
BGL)
67

SUERC-4213

Charcoal, Sphagnum leaves

75

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

3289±25

-26.3

3634±28

-26.2

Calibrated age
(years BP at 2σ
(95.4%) range)1
3640 (4.0%) 3600
3590 (91.4%) 3460
4080 (11.1%) 4030
4000 (84.3%) 3840

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Lab. no.

Lab. no.

Material dated

SUERC-4217
SUERC-4218

Charcoal, Sphagnum leaves
Wood fragments (aboveground)

Depth below
ground level (cm
BGL)
80
108

14 C

date BP
(uncal.)

2508±26
4944±32

δ 13 CPDB ‰±0.1

-26.5
-27.4

Calibrated age
(years BP at 2σ
(95.4%) range)1
2750 (95.4%) 2470
5740 (95.4%) 5600
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Table B.7: Radiocarbon dates obtained from Rakes Brakes Bottom.

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Table B.8: Radiocarbon dates obtained from Stephill Bottom.

Material dated

SUERC-4219

Seeds (Carex undiff.), charcoal, coleoptera

SUERC-4220

Seeds (Carex undiff.), charcoal, leaves,
coleoptera

Depth below
ground level (cm
BGL)
68
90

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1

2277±26

-27.3

860±25

-27.5

Calibrated age
(years BP at 2σ
(95.4%) range)1
2350 (53.0%) 2300
2250 (42.4%) 2150
890 (5.7%) 860
830 (5.6%) 810
800 (84.1%) 690

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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Lab. no.

Lab. no.

Material dated

SUERC-4221

Seeds (Betula pendula fruits, Carex
undiff.), leaves, coleoptera
Seeds (Ranunculus undiff., Carex undiff.),
charcoal, coleoptera
Seeds (Rubus type), charcoal
Seeds (Betula undiff. fruits, Carex
undiff.), bud scales (undiff.), charcoal
Seeds (Carex undiff.), bud scales
(undiff.), charcoal
Seeds (Carex undiff.), Betula undiff. bud
scales, charcoal, leaves

SUERC-4710
SUERC-4222
SUERC-4223
SUERC-4224
SUERC-4227

6002±35

-28.3

60

5633±33

-28.0

Calibrated age
(years BP at 2σ
(95.4%) range)1
6940 (1.0%) 6920
6910 (94.4%) 6720
6490 (95.4%) 6310

70
87

3614±28
6704±40

-28.6
-25.8

3990 (95.4%) 3830
7670 (95.4%) 7480

94

7040±42

-25.3

7960 (95.4%) 7750

114

7693±45

-28.6

8590 (3.8%) 8570
8560 (91.6%) 8390

Depth below
ground level (cm
BGL)
50

14 C

date BP
(uncal.)

δ 13 CPDB ‰±0.1
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Table B.9: Radiocarbon dates obtained from The Noads Bog.

Source: Grant (2005)
1
Radiocarbon dates were calibrated using the on-line Bayesian radiocarbon calibration software BCal (Buck et al., 1999), incorporating the IntCal04 Northern
Hemisphere radiocarbon dataset (Reimer et al., 2004). Calibrated dates are shown in the 2σ range, and are given in calibrated years BP (Grant, 2005; Grant et al.,
2009, 2014).
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% TLP Ex. Alnus glutinosa, Myrica gale, Ericaceae, Cyperaceae, Aquatics & Spores
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Alderhill Bottom - Taxa occurring at greater than 1% TLP
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Barrow Moor - Taxa occurring at greater than 1% TLP

BRM-3
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% TLP Ex. Alnus glutinosa, Ericaceae, Cyperaceae, Aquatics & Spores

Figure B.2: Summary pollen diagram for Barrow Moor for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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Church Moor - Taxa occurring at greater than 1% TLP
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Figure B.3: Summary pollen diagram for Church Moor for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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Cranes Moor - Taxa occurring at greater than 1% TLP
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Figure B.4: Summary pollen diagram for Cranes Moor for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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% TLP Ex. Alnus glutinosa, Myrica gale, Ericaceae, Cyperaceae, Spores & Aquatics

ss

b

lP

er
b
To
ta

H

G
ra

ol

le
n

C
on

ce
n

tra

tio
n

di
ff

.

Herb

Sh
ru

ym
Po eno
ly ph
Pt pod yllu
e r iu m
id m
iu
m
Ti
aq
lle
ui
t
lin
S p ia s
um
ha ph
Tr gn ag
ee um ni

Shrubs & Climbers

H

Ti
lia
co
rd
Fr
at
a
ax
ty
pe
M inu
yr s
ic e
C a g xce
or
l
a
y l le s io
us
r
av
el
la
na
Sa
lix
Er
ic
a
C te
al tr
lu a
R na lix
ub v
u u
U s t lg a
le yp ris
x
Ile typ e
x e
a
H qu
ed ifo
e
Lo ra lium
ni he
c
U era lix
rti
c
R ad
um io
ic
Br ex a
as ac
e
R sica tos
os c a
a e
Fi ce ae typ
lip a e u e
n
e
Po nd un diff
te ula diff .
.
Pl ntil
a n la
t
Ve tag ype
r o o la
M nic nc
el a eo
a t
C mp ype lata
en y
t ru
C aur m
yp e
er a n
a c ig
ea ra
Po
e
ac
ea
e
Ly
co
Eq pod
u i iu
Pt set m i
er um nu
op
nd
si
at
da
a
m
on
ol
et
e
un

Al
nu

la

rc
us

Be
tu

Q
ue

tri
s

at

lv
es
sy
lv

sy
u
Fa s
gu
s

U

Pi
nu

Tree

288

Gritnam Bog - Taxa occuring at greater than 1% TLP
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Hive Garn Bottom - Taxa occurring at greater than 1% TLP
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Figure B.6: Summary pollen diagram for Hive Garn Bottom for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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Figure B.7: Summary pollen diagram for Rakes Brakes Bottom for taxa occurring at greater than 1% TLP.
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% TLP Ex. Alnus glutinosa, Ericaceae, Cyperaceae, Aquatics & Spores
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Rakes Brakes Bottom - Taxa occurring at greater than 1% TLP
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Stephill Bottom - Taxa occurring at greater than 1% TLP
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Figure B.8: Summary pollen diagram for Stephill Bottom for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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The Noads Bog - Taxa occurring at greater than 1% TLP
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Figure B.9: Summary pollen diagram for The Noads Bog for taxa occurring at greater than 1% TLP.
Source: Grant (2005)
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6490 - 6310 BP

REVEALS
land-cover type

LIFE vegetation
map

LCM 2000

BAP Priority
Habitats map

Natural England
land-cover layer

FC stock map

National Forest
Estate Woodland

Broadleaved
woodland

Broadleaved
woodland & scrub

Broadleaved/mixed
woodland

Lowland mixed
deciduous
woodland

-

Broadleaved
woodland

Lowland beech/yew
woodland

Riverine woodland

Wood-pasture and
parkland

-

-

Lowland mixed
deciduous
woodland

Bog
woodland/Carr

Wet woodland

-

-

Wet woodland

-

-

Broadleaved/mixed
yew woodland

Carr
Coniferous
woodland

Pinus sylvestris

Coniferous
woodland

-

-

Coniferous
woodland

Coniferous
woodland

Heathland

Dry heath

Dense dwarf shrub
heath

Lowland heathland

Lowland heathland

-

-

Humid heath

Open dwarf shrub
heath

-

-

-

-

-

-

Wet heath
Grassland, Herbs
and Grazing/disturbance

Parched acid
grassland

Improved grassland

Lowland calcareous
grassland

Coastal and
floodplain grazing
marsh

-

-

Partially improved
grassland

Setaside grassland

Lowland dry acid
grassland

Lowland calcareous
grassland

-

-
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Table B.10: Details of the relationships between the REVEALS input taxa and the land-cover categories defined by each of the maps used to validate
the model outputs.
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REVEALS
land-cover type

LCM 2000

BAP Priority
Habitats map

Natural England
land-cover layer

FC stock map

National Forest
Estate Woodland

Humid acid
grassland

Neutral grassland

Lowland meadows

Lowland dry acid
grassland

-

-

Moist acid
grassland

Calcareous
grassland

Purple moor grass
and rush pastures

Lowland meadows

-

-

Neutral green

Acid grassland

Reedbeds

Purple moor grass
and rush pastures

-

-

Wet lawn

Arable grass

Coastal and
floodplain grazing
marsh

Undetermined
grassland

-
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LIFE vegetation
map
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Table B.10: Details of the relationships between the REVEALS input taxa and the land-cover categories defined by each of the maps used to validate
the model outputs.
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B.2
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Percentage cover estimation of REVEALS non-tree
taxa

The following steps were followed for the estimation of the percentage cover1 of
REVEALS input non-tree taxa within the 50x50 and 100x100 km regions based on
survey/inventory data and NVC categories:
1. Each of the individual species/taxa in the Ericaceae, Calluna, Poaceae, Herbs,
Rumex and Plantago REVEALS input taxa were linked to the corresponding NVC
categories in which they are typically found - see Table B.11.
2. For the grassland and mire land-cover types, survey data from Sanderson (1998)
detailing the frequency of occurrence and abundance of taxa in each of the NVC
categories present in the New Forest grasslands and mires, were used to estimate
the percentage cover of each of the individual REVEALS input species/taxa within
each of the NVC categories for these land-cover types. The frequency of occurrence
value represents the proportion of quadrats in which a particular taxon was
encountered, and is thus used as a measure of the proportion of the NVC category
in which the taxon occurs. Five frequency classes were defined: i (rare, 0-20%), ii
(occasional, 21-40%), iii (frequent, 41-60%), iv (constant, 61-80%) and v (constant,
81-100%). For the purpose of the analysis, the mid-points of these were taken as
follows: i (10%, except where between 5 and 9 quadrats were used, in which case
the taxon must be present in at least 1 quadrat); ii (30%), iii (50%), iv (70%) and
v (90%). Abundance was measured using the Domin scale: 1: rare, 2: sparse, 3:
frequent (but all less than 4%), 4: 4-10%, 5: 11-25%, 6: 26-33%, 7: 34-50%, 8:
51-75%, 9: 76-90%, 10: 91-100%. Mid-range values for each of these classes were
taken; for classes 1-3, the value ranges were defined as follows: 1: 0-1%, 2: 1.1-2.5%
and 3: 2.6-3.9%. As Sanderson (1998) generally used a variable number of quadrats
at each site, there are multiple abundance estimates (one for each quadrat),
therefore the mean abundance was estimated as: (mid-range value for the lowest
abundance class+mid-range value for the highest abundance class)/2. The
percentage cover for a particular taxon in a given NVC category was calculated as:
frequency of occurrence*mean abundance.
3. For the grassland and mire NVC categories, the total percentage cover for each of
the broader REVEALS input taxa (Ericacea, Calluna, Poaceae, Rumex, Plantago
and Herbs) was calculated by summing the percentage cover for each of their
constituent species/taxa. These values are detailed in Tables B.13 and B.14. From
this, it was possible to determine what percentage of each of the NVC categories
was covered by each of the REVEALS taxa.
1

Map-based abundance estimates for non-tree taxa refer to vegetation in non-woodland areas, and
do not include percentage cover estimates for the taxa in woodlands. This approach is based on the
assumption that the majority of the non-tree taxa modelled using REVEALS are either not present or
relatively scarce in woodlands.
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4. For the heathland land-cover type, no percentage cover estimates for the individual
taxa in each of the heathland NVC categories (H2a, H3c, H2c, H3a, M16a, M16b,
M16c) were available, therefore approximate estimates were derived from the
information provided in Westerhoff and Clarke (1992) and New Forest LIFE
Partnership (2001) - see Table B.15. As Ericaceae was not included in REVEALS
scenario 2, it is also excluded here, therefore percentage cover estimates for Calluna
only were calculated.
5. Within the New Forest Special Area of Conservation (SAC), equivalent to the area
covered by the LIFE vegetation map, it was possible to directly estimate the area
covered by each NVC category. The links between the NVC categories and the
LIFE vegetation map were achieved mainly using the ‘New Forest SAC
Management Plan’ (New Forest LIFE Partnership, 2001), ‘The New Forest
heathlands, grasslands and mires: a management review and strategy’ (Westerhoff
and Clarke, 1992), and ‘Description and evaluation of New Forest grasslands and
mires’ (Sanderson, 1998). Within this area, the number of hectares of each
REVEALS non-tree taxon was then determined by multiplying the area of each
relevant NVC category by the percentage taxon cover. In some cases, where the
area of a NVC category was very small or impossible to determine, this was
excluded from the analysis.
6. For the area outside of the SAC, it was not possible to estimate directly the area of
each NVC category - here, each of the grassland, heathland and mire NVC
categories were related to the relevant non-woodland land-cover class(es) in the
composite land-cover map for the 50x50 and 100x100 km regions. These were then
multiplied with mean percentage taxon cover values to determine the total number
of hectares of each REVEALS taxon and added to the values for the SAC - see
Tables B.16 and B.17.
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Table B.11: Details of the relationships between the individual taxa modelled using REVEALS,
the NVC categories, and the broad land-cover categories of the composite land-cover map.
For full details of the creation of the composite land-cover map, see Section 5.2.2. Descriptions of
the NVC categories are provided in Table B.12 below.
REVEALS
input taxon

Original
taxon/species

NVC category

Composite land-cover map
category

Ericaceae

Erica ciliaris

-

-

Ericaceae

Erica cinerea

H2a

Dry heath

H2c

Humid heath

H3a

Humid heath

H3c

Dry heath

H2c

Humid heath

H3a

Humid heath

Additional

Humid heath

M16a

Wet heath

M16b

Wet heath

M16c

Wet heath

M14

Valley mire (Marl flushes)

M21a

Valley mire (Valley bog)

M24c/M25b/M16b

Wet grassland

M25a

Valley mire (Moor-grass mire)

Ericaceae

Erica tetralix

Ericaceae

Andromeda polifolia

-

-

Ericaceae

Vaccinium-type

W15

Broadleaved woodland/scrub

U20b

Herb-rich bracken grassland

H2a

Dry heath

H2c

Humid heath

H2/U1d

Dry heath/Parched acid
grassland

H3a

Humid heath

H3c

Dry heath

Additional

Humid heath

M16a

Wet heath

M16b

Wet heath

M16c

Wet heath

M24c/M25b/M16b

Wet grassland

U3

Heathy acid grassland

A20/A16a

Acid/neutral water streams

Calluna

Poaceae

Calluna vulgaris

Poaceae undiff.

A20/A19/A9/S12/S14 Richer acid/neutral ponds
H2a

Dry heath

H2c

Humid heath

H3a

Humid heath

H3b

Humid heath
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Table B.11: Details of the relationships between the individual taxa modelled using REVEALS,
the NVC categories, and the broad land-cover categories of the composite land-cover map.
For full details of the creation of the composite land-cover map, see Section 5.2.2. Descriptions of
the NVC categories are provided in Table B.12 below.
REVEALS
input taxon

Original
taxon/species

NVC category

Composite land-cover map
category

Poaceae

Poaceae undiff.

H3c

Dry heath

Additional

Humid heath

M6di

Valley mire (Poor fen)

M10a (adapted)

Valley mire (Marl flushes)

M14

Valley mire (Marl flushes)

M16a

Wet heath

M16b

Wet heath

M16c

Wet heath

M21a

Valley mire (Valley bog)

M23a

Wet grassland

M24c/M25b/M16b

Wet grassland

M25a

Valley mire (Moor-grass mire)

M30

Temporary pond

M30/OV35

Temporary pond

MG6b

Neutral green

OV31

Temporary pond

S22

Temporary pond

U1

Parched acid grassland

U3

Heathy acid grassland

U4

Moist acid grassland

U20

Herb-rich bracken grassland

W4b

Bog woodland

W8b

Riverine woodland

W10a

Broadleaved woodland/scrub

W11

Broadleaved woodland/scrub

W14

Broadleaved woodland/scrub

W15

Broadleaved woodland/scrub

W16

Broadleaved woodland/scrub

Herbs

Caltha palustris-type

W7

Riverine woodland

Herbs

Ranunculus
acris-type

-

-

Herbs

Urtica dioica

M23a

Wet grassland

U1

Parched acid grassland

Herbs

Urtica urens

-

-

Herbs

Filipendula

-

-
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Table B.11: Details of the relationships between the individual taxa modelled using REVEALS,
the NVC categories, and the broad land-cover categories of the composite land-cover map.
For full details of the creation of the composite land-cover map, see Section 5.2.2. Descriptions of
the NVC categories are provided in Table B.12 below.
REVEALS
input taxon

Original
taxon/species

NVC category

Composite land-cover map
category

Herbs

Rubus undiff.

W8

Riverine woodland

W10a

Broadleaved woodland/scrub

W10b

Broadleaved woodland/scrub

W14

Broadleaved woodland/scrub

H3c

Dry heath

M16b

Wet heath

M25a

Valley mire (Moor-grass mire)

OV31

Temporary pond

W10a

Broadleaved woodland/scrub

W11

Broadleaved woodland/scrub

W14

Broadleaved woodland/scrub

U1e

Parched acid grassland

U3

Heathy acid grassland

U4

Moist acid grassland

M23a

Wet grassland

M24c/M25b/M16b

Wet grassland

M29

Valley mire (Soakways)

M30/OV35

Temporary pond

W7

Riverine woodland

W14

Broadleaved woodland/scrub

U1e

Parched acid grassland

U3

Heathy acid grassland

U4

Moist acid grassland

U20

Herb-rich bracken grassland

Herbs

Herbs

Potentilla-type

Rubiaceae

Herbs

Lactuceae undiff.

-

-

Herbs

Artemisia-type

-

-

Rumex

Rumex acetosella

U1

Parched acid grassland

U3

Heathy acid grassland

Rumex

Rumex acetosa

-

-

Plantago

Plantago major

U1

Parched acid grassland

Plantago

Plantago media

-

-

Plantago

Plantago lanceolata

-

-

NVC category
A20/A16a
A20/A19/A9/S12/S14

NVC category description
Ranunculus peltatus community/Callitriche stagnalis community
Various pond and swamp communities

H2a

Heather-Dwarf gorse heath typical sub-community (Calluna vulgaris-Ulex minor sub-community)

H2c

Heather-Dwarf gorse heath-Purple moor grass sub-community (Calluna vulgaris-Ulex minor-Molinia caerulea sub-community)

H2/U1d

Combination of H2 and U1 communities
Dwarf gorse-Bristle bent heath-Typical sub-community (Ulex minor-Agrostis curtisii-Typical sub-community)

H3b

Dwarf gorse-Bristle bent heath-Cladonia sub-community (Ulex minor-Agrostis curtisii-Cladonia sub-community)

H3c

Dwarf gorse-Bristle bent heath-Bristle bent heath sub-community (Ulex minor-Agrostis curtisii-Agrostis sub-community)

M6di

Star sedge-Bog moss mire-Sharp flowered rush sub-community (Carex echinata-Sphagnum recurvum mire-Juncus acutifloris
sub-community-Sphagnum recurvum variant)
Eleocharis quinquefolia-Drepanocladus revolvens mire: A lowland form of NVC community M10a Carex dioica-Pinguicula vulgaris
mire-Carex viridula oedocarpa-Juncus bulbosus sub-community

M14

Schoenus nigricans-Narthecium ossifragum mire

M16a

Cross-leaved heath-Sphagnum compactum wet heath-Typical sub-community (Erica tetralix-Sphagnum compactum wet heath-Typical
sub-community)

M16b

Cross-leaved heath-Sphagnum compactum wet heath-Devil’s bit scabious-Carnation sedge sub-community (Erica tetralix-Sphagnum
compactum wet heath-Succisa pratensis-Carex panicea sub-community)

M16c

Cross-leaved heath-Sphagnum compactum wet heath-White beak-sedge-Oblong-leaved sundew sub-community (Erica
tetralix-Sphagnum compactum wet heath-Rhynchospora alba-Drosera intermedia sub-community)

M21a

Bog asphodel-Bog moss valley mire-White-beak sedge-Bog moss sub-community (Narthecium ossifragum-Sphagnum papillosum valley
mire-Rhynchospora alba-Sphagnum auriculatum sub-community)

M23a

Soft rush/Sharp-flowered rush-Marsh bedstraw-Sharp-flowered rush sub-community (Juncus effusus/acutifloris-Galium
palustre-Juncus acutifloris sub-community)
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H3a

M10a (adapted)
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Table B.12: Description of the National Vegetation Classification categories listed in Table B.11.

NVC category
M24c/M25b/M16b

NVC category description
Molinia caerulea-Cirsium dissectum Fen meadow-Juncus acutifloris-Erica tetralix sub-community/Molinia caerulea-Potentilla erecta
mire-Anthoxanthum odoratum sub-community/Erica tetralix-Sphagnum compactum wet heath-Succisa pratensis-Carex panicea
sub-community

M25a

Purple moor grass-Tormentil mire-Cross-leaved heath sub-community (Molinia caerulea-Potentilla erecta mire-Erica tetralix
sub-community)

M29

Marsh St John’s-wort-Bog pondweed soakway (Hypericum elodes-Potamogeton polygonifolius soakway)

M30

Spike rush-Purple moor grass temporary pond community (Eleocharis multicaulis-Molinia caerulea community)

M30/OV35

Lesser marshwort-Floating club rush-Pillwort community (Apium inundatum-Eleogiton fluitans-Pilularia globulifera community)

MG6b

Perennial rye-grass-Crested dog’s tail-Sweet vernal grass grassland sub-community (Lolium perenne-Cynosurus
cristatus-Anthoxanthum odoratum sub-community)

OV31

Creeping bent-Marsh foxtail-Knotweed community (Agrostis stolonifera-Alopecurus geniculatus-Persicaria spp. community)
Floating sweet grass community (Glyceria fluitans community)

U1

Sheep’s fescue-Common bent-Sheep’s sorrell grassland (Festuca ovina-Agrostis capillaris-Rumex acetosella grassland)

U1e

Sheep’s fescue-Common bent-Sheep’s sorrell grassland-Heath bedstraw-tormentil sub-community (Festuca ovina-Agrostis
capillaris-Rumex acetosella grassland-Galium saxatile-Potentilla erecta sub-community)

U3

Bristle-bent grassland (Agrostis curtisii grassland)

U4

Sheep’s fescue-Common bent-Heath bedstraw grassland (Festuca ovina-Agrostis capillaris-Galium saxatile grassland)

U20

Pteridium aquilinum-Galium saxatile community

U20b

Pteridium-Galium community Vaccinium-Dicranum scoparium sub-community

W4b

Downy birch-Purple moor grass woodland-Soft rush sub-community (Betula pubescens-Molinia caerulea woodland-Juncus effusus
sub-community)

W7

Alder-Ash-Yellow pimpernel woodland (Alnus glutinosa-Fraxinus excelsior-Lysimachia nemorum woodland)

W8b

Ash-Field maple-Dogs mercury woodland-Wood anemone sub-community (Fraxinus excelsior-Acer campestre-Mercurialis perennis
woodland-Anemone nemorosa sub-community)
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Table B.12: Description of the National Vegetation Classification categories listed in Table B.11.

NVC category
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Table B.12: Description of the National Vegetation Classification categories listed in Table B.11.
NVC category description

W10a

Quercus robur-Pteridium aquilinum-Rubus fruticosus woodland (‘typical’ sub-community)

W11

Oak-Birch-Oxalis woodland (Quercus petraea-Betula pubescens-Oxalis acetosella woodland)

W14

Beech-Bramble woodland (Fagus sylvatica-Rubus fruticosus woodland)

W15

Beech-Wavy hair grass woodland (Fagus sylvatica-Deschampsia flexuosa woodland)

W16

Oak species-Birch species-Wavy hair grass woodland (Quercus spp.-Betula spp.-Deschampsia flexuosa woodland)
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NVC category
Parched acid grassland

HAG

MAG

NG

U3

U4a

MG6b

Wet
lawn

Marl Ephemeral pond communities
heath
M302

OV31

13.635

0

0

0

0

0

0

0

0

0

0

0.345

0

0

0

0

0

0.281

20.363

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

22.538

0.938

1.958

0

0

0.281

20.708

0

0

0

26.273

38.919

72.135

81.630

53.875

44.618

83.315

52.180

59.230

13.160

42.320

0.540

0

0

4.613

0.270

0.075

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Total Rumex

3.960

0.540

0

0

4.613

0.270

0.075

0

0

0

0

0

0

Plantago major

0

0

0

0

0

0

0

6.930

0

0

0

0

0.720

Plantago media

0

0

0

0

0

0

0

0

0

0

0

0

0

Plantago lanceolata

0.488

3.960

1.768

2.273

0

0

0

8.750

0

0.270

0

0

0

Total Plantago

0.488

3.960

1.768

2.273

0

0

0

15.680

0

0.270

0

0

0.720

Caltha palustris-type

0

0

0

0

0

0

0

0

0.270

0

0

0

0

Ranunculis acris-type

0

0

0

0

0

0

0

0.488

0.173

0

0

0

0

Urtica dioica

0

0

0

0

0

0

0

0

0

0

0

0

0

U1d/f

CG7 H2/U1d/f U1e

1.125

0.563

0

29.813

4.95

1.688

0.758

0

2.25

Erica ciliaris

0

0

0

0

0

0

0

0

Erica cinerea

0.15

0.758

0

22.05

0.938

1.688

0

Erica tetralix

0

0

0

0.488

0

0.270

Andromeda polifolia

0

0

0

0

0

Vaccinium-type

0

0

0

0

0.15

0.758

0

Poaceae

85.075

58.835

Rumex acetosella

3.960

Rumex acetosa

M23a/M24c/ M16b/
M25b/M16b M24

Taxon
Calluna vulgaris

Total Ericaceae
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M301

U1f
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Table B.13: Percentage cover estimates of REVEALS non-tree taxa for the corresponding NVC categories for the grassland land-cover type.
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Table B.13: Percentage cover estimates of REVEALS non-tree taxa for the corresponding NVC categories for the grassland land-cover type.
NVC category
Parched acid grassland

HAG

MAG

NG

U1e

U3

U4a

MG6b

Wet
lawn

Marl Ephemeral pond communities
heath
M301

M302

OV31

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

11.250

0.270

11.615

9.563

0

0

6.760

0

8.325

0

1.766

0.075

0

6.760

0.360

3.240

4.613

1.063

3.950

5.143

4.020

0

0

0

0

0

0

0

0

0

0

0

16.935

15.803

13.523

20.638

4.708

18.966

13.658

0

U1f

U1d/f

CG7 H2/U1d/f

Urtica urens

0

0

0

0

0

0

0

0

0

Filipendula

0

0

0

0

0

0

0

0

Rubus undiff.

0

0

0

0.075

0

0

0

Potentilla-type

0

0

0.650

5.313

1.313

8.910

Rubiaceae

0

0

0.938

0

11.250

23.275

12.130

20.805

11.548

Artemisia-type

0

0

0

Total Herbs

23.275

12.130

22.393

M23a/M24c/ M16b/
M25b/M16b M24

Taxon

1
2

wet heath pans
Pilularia ponds

0
6.760

7.120
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Lactuceae undiff.

NVC category
Schoenus Poor
bog
fen

Marl flushes

Schoenus mires

Transition mire

M6di

M10

M14

M10

M14

M21

M1/M9 M29/M9 M9

0.345

0

0

0.563

0

0

0

0

0

0

Erica ciliaris

0

0

0

0

0

0

0

0

0

0

Erica cinerea

0

0

0

0

0

0

0

0

0

0

Erica tetralix

14.130

0.563

1.125

8.325

0.563

9.563

14.220

2.273

0.563

0

Andromeda polifolia

0

0

0

0

0

0

0

0

0

0

Vaccinium-type

0

0

0

0

0

0

0

0

0

0

Total Ericaceae

14.130

0.563

1.125

8.325

0.563

9.563

14.220

2.273

0.563

0

Poaceae

29.813

28.328

13.065

19.406

8.460

20.925

29.813

13.523

8.910

6.589

Rumex acetosella

0

0

0

0

0

0

0

0

0

0

Rumex acetosa

0

0

0

0

0

0

0

0

0

0

Total Rumex

0

0

0

0

0

0

0

0

0

0

Plantago major

0

0

0

0

0

0

0

0

0

0

Plantago media

0

0

0

0

0

0

0

0

0

0

Plantago lanceolata

0

0

0

0

0

0

0

0

0

0

Total Plantago

0

0

0

0

0

0

0

0

0

0

Caltha palustris-type

0

0

0

0.270

0

0

0

0

0

7.900

Ranunculis acris-type

0

0

0

0

0

0

0

0

0

0

Urtica dioica

0

0

0

0

0

0

0

0

0

0

Taxon
Calluna vulgaris

305

M21a
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Table B.14: Percentage cover estimates of REVEALS non-tree taxa for the corresponding NVC categories for the mire land-cover type.
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Table B.14: Percentage cover estimates of REVEALS non-tree taxa for the corresponding NVC categories for the mire land-cover type.
NVC category
Schoenus Poor
bog
fen

Marl flushes

Schoenus mires

Transition mire

M21a

M6di

M10

M14

M10

M14

M21

M1/M9 M29/M9 M9

Urtica urens

0

0

0

0

0

0

0

0

0

0

Filipendula

0

0

0

0

0

0

0

0

0

0

Rubus undiff.

0

0

0

0

0

0

0

0

0

0

0.270

3.080

0.345

0.563

0

0

0

0

0

3.567

Rubiaceae

0

1.058

0

0

0

0

0

0

0

0

Lactuceae undiff.

0

0

0

0

0

0

0

0

0

0

Artemisia-type

0

0

0

0

0

0

0

0

0

0

Total Herbs

0.270

4.138

0.615

0.563

0

0

0

0

0

11.466

Taxon
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Potentilla-type

NVC category
Humid heath

Dry heath

Taxon
Calluna
1

Wet heath

H2a

H3c

H2c

H3a

Additional

M16a

M16b

M16c

75

75

75

75

75

10

10

10
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Table B.15: Percentage cover estimates1 of each of the REVEALS non-tree taxa for the corresponding NVC categories for the heathland land-cover
type.

The relative abundance of Calluna in dry and humid heath depends on the stage in the burning cycle.
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Within NF SAC
% cover in
NVC
category

Area of NVC
category

Area of
REVEALS
taxon (ha)

Calluna

H2a, H3c

75

840.3

630.2

Calluna

H2c, H3a, H3b

75

4,134.4

3,100.8

Calluna

M16a, M16b, M16c

10

932.9

93.3

Calluna

U1/f+U1d/f+U1e

2.2

1,057.2

23.4

Calluna

U3

1.7

1,025.6

17.3

Calluna

U4a

0.8

39.1

0.3

Calluna

M23a/M24c/M25b/M16b

2.3

1,001.8

22.5

Total area of Calluna

Area of NVC
category

Area of
REVEALS
taxon (ha)

5,580.4

2,976.2

65,943.5

1,138.8

3,887.9

Poaceae

U1/f+U1d/f+U1e

72

1,057.2

761.4

Poaceae

U3

81.6

1,025.6

837.2

Poaceae

U4a

53.9

39.1

21.1

Poaceae

MG6b

44.6

162.5

72.5

Poaceae

M23a/M24c/M25b/M16b

83.3

1,001.8

834.7

Poaceae

M21a

29.8

1,586

472.8

Total area of Poaceae

Outside NF SAC

2,999.6

4,115

65,943.5

50,247.6

347.6

103.6
50,351.3

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

8,002.8

9.1

53,350.8

60.33
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NVC category

REVEALS taxon
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Table B.16: Total area in hectares of individual REVEALS taxa within the 50x50 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.

Within NF SAC
REVEALS taxon

NVC category

% cover in
NVC
category

Area of NVC
category

Area of
REVEALS
taxon (ha)

Rumex

U1/f+U1d/f+U1e

3

1,057.2

32.1

Rumex

U3

0.3

1,025.6

2.8

Rumex

U4a

0.1

39.1

0.03

Total area of Rumex

Area of NVC
category

Area of
REVEALS
taxon (ha)

65,943.5

1,546.8

34.9

Plantago

U1/f+H2/U1d/f+U1e

2.2

1,057.2

23.7

Plantago

MG6b

15.7

162.5

25.5

Total area of Plantago

1,546.8
65,943.5

49.2

Herbs

U1/f+U1d/f+
H2/U1d/f+U1e

17

1,057.2

180.1

Herbs

U3

13.5

1,025.6

138.7

Herbs

U4a

20.6

39.1

8.1

Herbs

MG6b

4.7

162.5

7.6

Herbs

M23a/M24c/M25b/M16b

19

1,001.8

190

Herbs

M21a

0.3

1,586

4.3

Total area of Herbs

Outside NF SAC

528.8

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

1,581.7

1.8

1,526.3

1.7

11,568.2

13.1

1,477.1
1,477.1

65,943.5

11,038.4

347.6

0.9
11,039.4
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Table B.16: Total area in hectares of individual REVEALS taxa within the 50x50 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.
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Within NF SAC
REVEALS taxon

Alnus1
1

Betula

1

Corylus
Fagus1

Salix

1

Tilia

1

Ulmus
Pinus
1

1

Area of NVC
category

Area of
REVEALS
taxon (ha)

Area of NVC
category

Area of
REVEALS
taxon (ha)

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

767

0.9

804

0.9

43

0.1

3,095

3.5

3,050

3.5

1

3,379

3.8

418

0.5

58

0.1

64

0.1

723

0.8

As the NVC-based method results in a lower estimate of the total area covered by the REVEALS input taxa than that obtained using the broad land-cover categories
of the composite land-cover map - see Section 5.3.1 - this has resulted in slightly altered estimates for the percentage cover of the tree taxa compared to those
depicted in Figure 5.3
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1

% cover in
NVC
category

Outside NF SAC

1

Fraxinus
Quercus

NVC category
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Table B.16: Total area in hectares of individual REVEALS taxa within the 50x50 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.

Within NF SAC
REVEALS taxon

NVC category

% cover in
NVC
category

Area of NVC
category

Area of
REVEALS
taxon (ha)

Calluna

H2a, H3c

75

840.3

630.2

Calluna

H2c, H3a, H3b

75

4,134.4

3,100.8

Calluna

M16a, M16b, M16c

10

932.9

93.3

Calluna

U1/f+U1d/f+U1e

2.2

1,057.2

23.4

Calluna

U3

1.7

1,025.6

17.3

Calluna

U4a

0.8

39.1

0.3

Calluna

M23a/M24c/M25b/M16b

2.3

1,001.8

22.5

Total area of Calluna

Area of NVC
category

Area of
REVEALS
taxon (ha)

9,688

5,166.9

266,730.2

4,606.1

3,887.9

Poaceae

U1/f+U1d/f+U1e

72

1,057.2

761.4

Poaceae

U3

81.6

1,025.6

837.2

Poaceae

U4a

53.9

39.1

21.1

Poaceae

MG6b

44.6

162.5

72.5

Poaceae

M23a/M24c/M25b/M16b

83.3

1,001.8

834.7

Poaceae

M21a

29.8

1,586.0

472.8

Total area of Poaceae

Outside NF SAC

2,999.6

9,773

266,730.2

203,243

607.7

181.1
203,424.2

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

13,660.9

4.1

206,423.8

61.4
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Table B.17: Total area in hectares of individual REVEALS taxa within the 100x100 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.
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Within NF SAC
REVEALS taxon

NVC category

% cover in
NVC
category

Area of NVC
category

Area of
REVEALS
taxon (ha)

Rumex

U1/f+U1d/f+U1e

3

1,057.2

32.1

Rumex

U3

0.3

1,025.6

2.8

Rumex

U4a

0.1

39.1

0.03

Total area of Rumex

Area of NVC
category

Area of
REVEALS
taxon (ha)

266,730.2

6,256.5

2.2

1,057.2

23.7

Plantago

MG6b

15.7

162.5

25.5

Total area of Plantago

6,256.5
266,730.2

49.2

Herbs

U1/f+U1d/f+
H2/U1d/f+U1e

17

1,057.2

180.1

Herbs

U3

13.5

1,025.6

138.7

Herbs

U4a

20.6

39.1

8.1

Herbs

MG6b

4.7

162.5

7.7

Herbs

M23a/M24c/M25b/M16b

19

1,001.8

190

Herbs

M21a

0.3

1,586

4.3
528.8

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

6,291.4

1.9

6,023.9

1.8

45,179.1

13.4

5,974.8
5,974.8

266,730.2

44,648.6

607.7

1.6
44,650.3
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U1/f+H2/U1d/f+U1e

Total area of Herbs

Outside NF SAC

34.9

Plantago
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Table B.17: Total area in hectares of individual REVEALS taxa within the 100x100 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.

Within NF SAC
REVEALS taxon

Alnus1
Betula1
1

Corylus
Fagus

1

1

Tilia

Ulmus
Pinus
1

1

1

Area of NVC
category

Area of
REVEALS
taxon (ha)

Area of NVC
category

Area of
REVEALS
taxon (ha)

Total area of
REVEALS
taxon (ha)

% cover of
REVEALS
taxon

877

0.3

6,976

2.1

274

0.1

11,095

3.3

9,432

2.8

1

19,644

5.8

1,811

0.5

180

0.1

240

0.1

8,352

2.5

Quercus
Salix

% cover in
NVC
category

1

Fraxinus

1

NVC category

Outside NF SAC
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Table B.17: Total area in hectares of individual REVEALS taxa within the 100x100 km region based on NVC classification and NIWT data and the
composite land-cover map. Percentage cover estimates for each taxon are indicated in bold.

As the NVC-based method results in a lower estimate of the total area covered by the REVEALS input taxa than that obtained using the broad land-cover categories
of the composite land-cover map - see Section 5.3.1 - this has resulted in slightly altered estimates for the percentage cover of the tree taxa compared to those
depicted in Figure 5.3
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B.3
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Description of mire vegetation communities

The vegetation of the mire study sites can be classified according to six communites as
described by Alcock (1984) and Grant (2005):
Community 1: dominated by Alnus glutinosa, often with abundant Salix cinerea or
Betula pubescens. Frangula alnus, Alnus aquifolium and Lonicera periclymenum form the
shrub layer often with Myrica gale at the edge.
Community 2: species include Carex remota, C. paniculata, Ranunculus repens, Galium
palustre, Athyrium filixfemina and Mnium hornum.
Community 3: species poor and dominated by the grasses Molinia caerulea and Agrostis
canina with an overstorey of Juncus acutifloris and Sphagnum recurvum.
Community 4: includes Juncus acutiflorus, Molinia caerulea, Hypericum elodes,
Potamogeton polygonifolius, Eriophorum augastifolium and Cirsium dissectum.
Community 5: dominated by Molinia caerulea, Myrica gale and Erica tetralix often with
Juncus acutiflorus and Sphagnum.
Community 6: well developed Sphagnum lawn, Molinia caerulea, Narthecium ossifragum,
Eriophorum angustifolium, Drosera rotundifolia, Erica tetralix, Rhynchspora alba and
Eleocharis multicaulis, with occasional Menyanthes trifoliata, Potamogeton polygonifolius
and Sphagnum etc.
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Historical data collection - resources

The sources and resources searched for relevant historical data describing ecosystem
service delivery, drivers of change, environmental conditions, land-use and land-cover
change etc., included both academic and non-academic literature, and a search of online
databases and web resources as detailed in Table C.1. The academic and non-academic
literature search comprised the following steps:
- A literature search was conducted using the online database Web of Science using the
keywords “new forest”
- The bibliographies of all articles found in the Web of Knowledge search were then
examined to identify further relevant resources
- A book search using the University of Southampton online library catalogue WebCat
was conducted using the term “new forest”
- A search of the resources held at the New Forest Library, Lyndhurst, Hampshire was
conducted with the assistance of the librarian, Richard Reeves
- A search of the resources held at the Hampshire Records Office, Winchester, Hampshire
was conducted
Each of the resources listed in Table C.1 was searched for all long-term and
short-term/occasional data relating to the New Forest, which were then organised as
follows, depending on the data type:
- Readily downloadable data from online databases were downloaded for the entire
period of record and saved in an appropriate format, e.g. climate records in an Excel
spreadsheet and historic maps as GIS layers;
- Datasets held by a relevant organisation but not readily downloadable via the website
were requested through the appropriate channels. Where a data licence agreement was
required this was signed, and once received the data were organised as above;
- Data held within paper resources, i.e., reports, academic and non-academic articles,
management plans, historic documents etc. were located by means of a thorough search
of these resources and then organised in an appropriate format, usually an Excel
spreadsheet.
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Table C.1: Details of the organisations consulted and online resources searched for historic data
on the New Forest, both online databases and documents/reports published on these websites were
consulted. This list comprises the principal resources searched but is not exhaustive.

Resource/Organisation

Web link

British Geological Survey (BGS)

http://www.bgs.ac.uk/

Centre for Ecology and Hydrology (CEH)

http://www.ceh.ac.uk/

Channel Coast Observatory (CCO)

http://www.channelcoast.org/

Countryside Information System

http://www.cis-web.org.uk/

Department for the Environment, Food

http://www.defra.gov.uk/

and Rural Affairs (Defra)
EDiNA Digimap

http://digimap.edina.ac.uk/digimap/home/

English Heritage

http://www.english-heritage.org.uk/

Environment Agency (EA)

http://www.environment-agency.gov.uk/

Forestry Commission (FC)

http://www.forestry.gov.uk/

Hampshire and Isle of Wight Wildlife

http://www.hwt.org.uk/

Trust (HIWWT)
Hampshire Biodiversity Information

http://www3.hants.gov.uk/biodiversity/hbic/

Centre (HBIC)
Hampshire County Council (HCC)

http://www.hants.gov.uk/

Histpop

http://www.histpop.org/ohpr/servlet/

House of Commons Parliamentary Papers

http://parlipapers.chadwyck.co.uk/home.do/

MAGIC (Multi-Agency Geographic

http://magic.defra.gov.uk/

Information for the Countryside)
Met Office

http://www.metoffice.gov.uk/

National Parks of the UK

http://www.nationalparks.gov.uk/

National Soil Resources Institute (NSRI)

http://www.cranfield.ac.uk/sas/nsri/

Natural England

http://www.naturalengland.org.uk/

New Forest District Council

http://www.newforest.gov.uk/

New Forest National Park Authority

http://www.newforestnpa.gov.uk/

(NFNPA)
Office for National Statistics (ONS)

http://www.ons.gov.uk/ons/index.html/

Ordnance Survey

http://www.ordnancesurvey.co.uk/oswebsite/

Permanent Service for Mean Sea Level

http://www.psmsl.org/

The National Archives

http://www.nationalarchives.gov.uk/

UK Countryside Survey

http://www.countrysidesurvey.org.uk/

UK National Statistics

http://www.statistics.gov.uk/hub/index.html/

Verderers of the New Forest

http://www.verderers.org.uk/

A Vision of Britain Through Time

http://www.visionofbritain.org.uk/place/429/

Visit England

http://www.visitengland.org/

Wiltshire County Council (WCC)

http://www.wiltshire.gov.uk/index.htm/
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Table C.2: Details of missing values in the time series datasets covering the 1659-2014 period and details of the method adopted to estimate the
missing values.
Missing values

Estimation method

Southampton weather station
monthly min temperature

Dec 1940-Jun 1941 (incl.), Apr 2000-Dec 2014 (incl.)

-

Southampton weather station
monthly max temperature

Dec 1940-Jul 1941 (incl.), Aug-Oct 1944 (incl.), Apr
2000-Dec 2014 (incl.)

-

Southampton weather station
monthly mean temperature

Dec 1940-Jul 1941 (incl.), Aug-Oct 1944 (incl.), Apr
2000-Dec 2014 (incl.)

Simple linear regression with monthly mean temp. from the HadCET
series for the common period of record Jan 1910-Mar 2000

Southampton weather station total
monthly precipitation

Jan 1855, Apr 2000-Dec 2014 (incl.)

Simple linear regression with total monthly rainfall from the EWP
dataset for the common period of record Jan 1914-Mar 2000

Gauged daily mean river flow1

05 Aug 1980-15 Sep 1980 (incl.), 22 Aug 1996-27 Oct
1996 (incl.)

-

HadSST3 monthly mean sea
surface temp. anomalies1

Sep-Oct 1850 (incl.), Jan-Feb 1851 (incl.), May-Jun
1851 (incl.), Oct-Dec 1852 (incl.), Mar 1852, Oct-Dec
1852 (incl.), Feb-May 1853 (incl.), Sep 1853, Nov-Dec
1853 (incl.), Feb 1854, Dec 1854, Jan 1856, Dec 1857,
Mar 1860, Nov 1861, Feb-Mar 1862 (incl.), Dec 1862,
Jun 1863, Aug 1863, Oct 1863, Feb-Mar 1864 (incl.),
Oct-Nov 1864 (incl.), Jun 1865, Aug 1865, Oct-Nov
1865 (incl.), Jan 1866, Mar 1866, May-Jun 1866 (incl.),
Nov 1866, Jan 1867, May-Jun 1867 (incl.), Jan-Feb
1868 (incl.), May-Jun 1868 (incl.), Aug 1868, Nov
1868-Mar 1869 (incl.), Dec 1869-Mar 1870 (incl.),
Sep-Oct 1871 (incl.), Jan-Mar 1872 (incl.), Jun-Jul 1872
(incl.), Nov 1872, Apr-May 1873 (incl.), Sep 1873, Jan
1879, Jan 1881, Mar 1881, Jul-Aug 1900 (incl.), Oct
1900, Feb-Mar 1901 (incl.)

-

1

Regression analysis did not reveal a relationship between the datasets with missing values and any corresponding dataset, thus missing value estimation was not
possible.
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Original dataset
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Figure C.1: Details of missing values in the time series datasets covering the 1659-2014 period.
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Mean monthly temperature: From linear regression between the Southampton
Historic Weather Station monthly mean temperature series and the HadCET (Hadley
Centre Central England Temperature) monthly mean temperature series for the Jan
1855-Mar 2000 period, the following regression equations were determined for each
month separately and for the entire series as a whole; unless otherwise indicated, all
regressions were significant at the 0.001 level:
January
SotonmeanmonthlytempJan = 1.09134 + 0.97143*HadCETmeanmonthlytempJan
February
SotonmeanmonthlytempFeb = 1.19907 + 0.96088*HadCETmeanmonthlytempFeb
March
SotonmeanmonthlytempMar = 1.4408 + 0.9307*HadCETmeanmonthlytempMar
April
SotonmeanmonthlytempApr = 1.8725 + 0.9129*HadCETmeanmonthlytempApr
May
SotonmeanmonthlytempMay = 2.18656 + 0.91724*HadCETmeanmonthlytempMay
June
SotonmeanmonthlytempJun = 0.89788 + 1.02071*HadCETmeanmonthlytempJun
July
SotonmeanmonthlytempJul = 0.95658 + 1.01587*HadCETmeanmonthlytempJul
August
SotonmeanmonthlytempAug = 1.70551 + 0.97897*HadCETmeanmonthlytempAug
September
SotonmeanmonthlytempSep = 1.51466 + 0.99234*HadCETmeanmonthlytempSep
October
SotonmeanmonthlytempOct = 1.31091 + 1.01027*HadCETmeanmonthlytempOct
November
SotonmeanmonthlytempNov = 1.28386 + 0.98662*HaDCETmeanmonthlytempNov
December
SotonmeanmonthlytempDec = 1.30870 + 0.95443*HadCETmeanmonthlytempDec
Annual
SotonmeanmonthlytempAllMonths = 1.035170 +
1.017693*HadCETmeanmonthlytempAllMonths
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Total monthly precipitation: From linear regression between the Southampton
Historic Weather Station total monthly precipitation series and the EWP (England and
Wales Precipitation) total monthly precipitation series for the Jan 1856-Mar 2000 period,
the following regression equations were determined for each month separately; unless
otherwise indicated, all regressions were significant at the 0.001 level. Where the
regression equation resulted in a negative value for total monthly rainfall, this value was
changed to 0.
January
SotontotalmonthlyrainfallJan = -17.05405 + 1.13234*EWPJan
February
SotontotalmonthlyrainfallFeb = -10.94394 + 1.07090*EWPFeb
March
SotontotalmonthlyrainfallMar = -9.54931 + 1.01434*EWPMar
April
SotontotalmonthlyrainfallApr = -0.35202 + 0.86474*EWPApr
May
SotontotalmonthlyrainfallMay = -5.47705 + 0.91395*EWPMay
June
SotontotalmonthlyrainfallJun = -7.96423 + 0.93388*EWPJun
July
SotontotalmonthlyrainfallJul = -11.61635 + 0.90308*EWPJul
August
SotontotalmonthlyrainfallAug = -10.58488 + 0.89955*EWPAug
September
SotontotalmonthlyrainfallSep = -5.3787 + 0.93426*EWPSep
October
SotontotalmonthlyrainfallOct = -25.96021 + 1.20355*EWPOct
November
SotontotalmonthlyrainfallNov = -22.64552 + 1.14851*EWPNov
December
SotontotalmonthlyrainfallDec = -17.79586 + 1.12871*EWPDec
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Carbon Assessment Protocol: modifications to
methodology

As no total height or timber height measurements were recorded during the Newton
inventory, method D from the Carbon Assessment Protocol using top height was
employed for the calculation of the tariff number (the tariff number represents the
relationship between tree height and dbh). Typical maximum total height values for each
species were obtained from the Ecological Flora Database (Fitter and Peat, 1994) and
used as the top height of all trees of each species in the plot. Tariff numbers based on
top height were then obtained for each species or taxon using Table 5 in Matthews and
Mackie (2006). As Ilex spp., Rhamnus frangula, Sorbus spp., Salix spp., Crataegus
monogyna, Malus spp., Corylus avellana, Populus alba and Prunus spinosa were not
included in this table, the values for Betula were employed for these taxa; for Castanea
sativa and Carpinus betulus, the tariff for Quercus was used. Where the estimated top
height for these species was lower than the lowest top height included in the table, the
tariff number for the lowest top height was used. For Taxus baccata, Chamaecyparis
lawsoniana, Cedrus deodara, Pinus ponderosa and Sequioa sempervirens, the tariff
numbers for Picea abies were used. Rather than use the top height of the stratum to
determine the tariff number for each species, the typical maximum height of each species
was used. This may have resulted in a slight overestimation of the tariff number, as it is
unlikely that many individuals present in the stand reach the typical maximum height
for their species.
As measurements of seedling and sapling height were also lacking, the central mean
seedling (25 cm) and sapling (5 m) heights from Tables 6.1.1-6.1.4 in Jenkins et al.
(2011) were used, along with the corresponding carbon estimates.
Where no nominal specific gravity value was listed for a specific broadleaved
species/taxon, the value for Acer spp. was used, i.e., 0.49. For Pinus ponderosa, the
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Table D.1: Total height estimates for each of the tree species included in the carbon
stock assessment.

Species/Taxon
Abies grandis
Acer spp.
Alnus spp.
Betula spp.
Carpinus betulus
Castanea sativa
Cedrus deodara
Chamaecyparis lawsoniana
Corylus avellana
Crataegus monogyna
Fagus sylvatica
Fraxinus excelsior
Ilex spp.
Larix decidua
Malus sylvestris
Picea abies
Picea sitchensis
Pinus nigra
Pinus ponderosa
Pinus sylvestris
Populus alba
Prunus spinosa
Pseudotsuga menziesii
Quercus rubra
Quercus spp.
Rhamnus spp.
Salix spp.
Sequoia sempervirens
Sorbus spp.
Taxus baccata
Tsuga heterophylla
Ulmus spp.

Total height (m)
54
15
20
25
30
30
40
60
6
10
30
25
10
46
10
43
40
40
41
45
24
4
80
30
30
6
10
40
15
20
60
40

Tariff number
44
20
28
28
35
35
42
42
14
16
35
31
16
45
16
42
42
46
42
39
28
14
40
35
35
14
16
42
20
30
44
35

value for Pinus nigra (0.40) was used, for Sequioa sempervirens the value for Abies
grandis (0.30) was used; for all other conifers with no nominal specific gravity listed, the
value for Picea abies (0.33) was used.
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Table E.1: Details of the 20 model runs carried out for sensitivity analysis.

Tree taxon limit
GP lower limit Quercus
GP upper limit Quercus
GP lower limit Fagus
GP upper limit Fagus
DI lower limit Quercus
DI upper limit Quercus
DI lower limit Fagus
DI upper limit Fagus
Shade lower limit Quercus
Shade upper limit Quercus
Shade lower limit Fagus
Shade upper limit Fagus
DDsummin lower limit Quercus
DDsummin upper limit Quercus
DDsummin lower limit Fagus
DDsummin upper limit Fagus
DDsummax lower limit Quercus
DDsummax upper limit Quercus
DDsummax lower limit Fagus
DDsummax upper limit Fagus

Parameter change
-1
+1
-1
+1
-1
+1
-1
+1
-2
+2
-2
+2
-20%
+20%
-20%
+20%
-40%
+40%
-40%
+40%

Original value
2
2
3
3
-3.0
-3.0
-1.5
-1.5
9
9
1
1
1042
1042
723
723
4655
4655
4655
4655

New value
1
3
2
-2.5
-2.0
-1.0
7
3
833.6
1250.4
578.4
867.6
2793
6517
2793
6517

Description
More grazing resistant
Less grazing resistant
More grazing resistant
Less drought resistant
More drought resistant
Less drought resistant
More shade tolerant
Less shade tolerant
More tolerant to low DDsum
Less tolerant to low DDsum
More tolerant to low DDsum
Less tolerant to low DDsum
Less tolerant to high DDsum
More tolerant to high DDsum
Less tolerant to high DDsum
More tolerant to high DDsum

Where no information is provided in the ‘New value’ or ‘Description’ fields, the original value was already at the lowest or highest possible value and so no scenarios
were run in these cases.

Appendix E : Supplementary material: Chapter 8

Model run name
SensAnalysis1
SensAnalysis2
SensAnalysis3
SensAnalysis4
SensAnalysis5
SensAnalysis6
SensAnalysis7
SensAnalysis8
SensAnalysis9
SensAnalysis10
SensAnalysis11
SensAnalysis12
SensAnalysis13
SensAnalysis14
SensAnalysis15
SensAnalysis16
SensAnalysis17
SensAnalysis18
SensAnalysis19
SensAnalysis20

No. of trees

Prelim Scenario Quercus

Seedling
Sapling

Prelim Scenario Fagus

Young tree
Mature tree

100

10
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Figure E.1: Model outputs from preliminary scenario d), which has an initial Quercus seedling stock of 1,000 individuals with an input of 4 Fagus
seedlings every two years from the year 1540-1550. This model run uses all historical data for climatic conditions and grazing pressure, although there
is no tree felling for timber, and represents the reference scenario for all sensitivity analysis. For a full description of the model conditions for this
scenario, see Section 8.2.4.1.
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Figure E.2: Results of sensitivity analysis 1 - grazing susceptibility of Quercus reduced from 2 to 1, i.e., Quercus more resistant to grazing. Top: no.
of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a log
scale. Bottom: grazing pressure growth factor curves (gfGP) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis1.
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Figure E.3: Results of sensitivity analysis 2 - grazing susceptibility of Quercus increased from 2 to 3, i.e. Quercus less resistant to grazing. Top: no.
of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a log
scale. Bottom: grazing pressure growth factor curves (gfGP) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis2.
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Figure E.4: Results of sensitivity analysis 3 - grazing susceptibility of Fagus decreased from 3 to 2, i.e., Fagus more resistant to grazing. Top: no.
of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a log
scale. Bottom: grazing pressure growth factor curves (gfGP) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis3.
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Figure E.5: Results of sensitivity analysis 6 - drought tolerance of Quercus decreased from -3.0 to -2.5 (SPEI), i.e., Quercus less drought resistant.
Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted
on a log scale. Bottom: drought growth factor curves (gfDI) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis6.
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Figure E.6: Results of sensitivity analysis 7 - drought tolerance of Fagus increased from -1.5 to -2.0 (SPEI), i.e., Fagus more drought resistant. Top:
no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a
log scale. Bottom: drought growth factor curves (gfDI) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis7.
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Figure E.7: Results of sensitivity analysis 8 - drought tolerance of Fagus decreased from -1.5 to -1.0 (SPEI), i.e., Fagus less drought resistant. Top:
no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a
log scale. Bottom: drought growth factor curves (gfDI) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis8.
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Figure E.8: Results of sensitivity analysis 9 - shade susceptibility of Quercus decreased from 9 to 7, i.e., Quercus more shade tolerant. Top: no. of
Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a log scale.
Bottom: light availability growth factor curves (gfLA) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis9.
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Figure E.9: Results of sensitivity analysis 12 - shade susceptibility of Fagus increased from 1 to 3, i.e., Fagus less shade tolerant. Top: no. of Quercus
(left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of trees is plotted on a log scale. Bottom:
light availability growth factor curves (gfLA) for Quercus (left) and Fagus (right) for the reference scenario and SensAnalysis12.
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Figure E.10: Results of sensitivity analysis 13 - DDsummin requirements of Quercus decreased from 1042 to 834 degree days, i.e., Quercus more
tolerant to low DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths.
No. of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario
and SensAnalysis13.
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Figure E.11: Results of sensitivity analysis 14 - DDsummin requirements of Quercus increased from 1042 to 1250 degree days, i.e., Quercus less tolerant
to low DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No.
of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario and
SensAnalysis14.
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Figure E.12: Results of sensitivity analysis 15 - DDsummin requirements of Fagus decreased from 723 to 578 degree days, i.e., Fagus more tolerant
to low DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No.
of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario and
SensAnalysis15.
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Figure E.13: Results of sensitivity analysis 16 - DDsummin requirements of Fagus increased from 723 to 868 degree days, i.e., Fagus less tolerant to
low DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No. of
trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario and
SensAnalysis16.
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Figure E.14: Results of sensitivity analysis 17 - DDsummax requirements of Quercus decreased from 4655 to 2793 degree days, i.e., Quercus less
tolerant to high DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths.
No. of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario
and SensAnalysis17.
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Figure E.15: Results of sensitivity analysis 18 - DDsummax requirements of Quercus increased from 4655 to 6517 degree days, i.e., Quercus more
tolerant to high DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths.
No. of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario
and SensAnalysis18.
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Figure E.16: Results of sensitivity analysis 19 - DDsummax requirements of Fagus decreased from 4655 to 2793 degree days, i.e., Fagus less tolerant
to high DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No.
of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario and
SensAnalysis19.
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Figure E.17: Results of sensitivity analysis 20 - DDsummax requirements of Fagus increased from 4655 to 6517 degree days, i.e., Fagus more tolerant
to high DDsum . Top: no. of Quercus (left) and Fagus (right) trees for each life stage. The seedling curves are 2-point moving average smooths. No.
of trees is plotted on a log scale. Bottom: DDsum growth factor curves (gfDDsum ) for Quercus (left) and Fagus (right) for the reference scenario and
SensAnalysis20.
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Figures E.2 - E.4 depict the consequences of different grazing tolerances for Quercus and
Fagus. In SensAnalysis1, where Quercus is more grazing tolerant and therefore does not
experience reduced growth or survival even at high grazing pressure, this taxon continues
to regenerate even during the 1760-1840, 1870-1900 and post-1960 periods. From
field-based observations, it is known that high GP during these periods resulted in a
general lack of regeneration of both Quercus and Fagus, and that the generations that
arose in the intervening years of relatively low GP varied in the proportions of each
taxon with a Fagus-dominated A-generation and Quercus-dominated B and
C-generations. Although Quercus seedlings and saplings experienced increased survival
rates, shade continues to be an important limiting factor for this taxon, such that
patterns of Fagus regeneration in this scenario are largely similar to those observed in
the reference scenario. In SensAnalysis2, Quercus and Fagus are equally resistant to
grazing pressure, giving rise to slightly lower Quercus seedling and sapling growth and
survival rates when compared to the reference scenario, shifting the competitive balance
further in favour of Fagus. Overall, patterns of regeneration and survival for both
Quercus and Fagus are similar to those in the reference scenario, although as GP
increases after 1760, the performance of Quercus declines due to its now higher
susceptibility to grazing and its lower shade tolerance when compared to Fagus, leading
to Fagus dominance in all three generations (A, B and C). Thus, in periods of relatively
high GP, and in the absence of gap-forming processes, Quercus seedling and sapling
death due to shade and grazing pressure leads to even higher levels of suppression of this
taxon. In SensAnalysis3 Fagus is more grazing resistant, although still less resistant than
Quercus. The patterns observed are very similar to those in SensAnalysis2, as greater
Fagus shade tolerance and lowered susceptibility to damage and death from grazing, lead
to Fagus dominance in the A, B and C-generations.
SensAnalysis6-8 examined the effects of changing taxon vulnerability to drought. In
SensAnalysis6, Quercus is less drought resistant, although still more drought resistant
than Fagus. The higher susceptibility to drought results in slightly lower growth rates for
Quercus in the seedling, sapling and young tree stages. The consequence of this lower
growth rate is that Quercus trees spend more time in each of these younger life stages,
and so suffer higher shade-related losses once the canopy closes, ultimately leading to a
decline in the number of mature Quercus trees present and even greater Fagus dominance
than observed in the reference scenario up to the 1840s. Post-1840, the opening up of the
canopy due to the deaths of older A-generation trees allows Quercus to expand, although
it is again eclipsed by Fagus as it grows more slowly in drought years. It is only with the
more frequent deaths of mature Fagus trees in the late 19th and early 20th centuries that
Quercus are again at an advantage. In SensAnalysis7, Fagus are more drought resistant,
although still less drought-resistant than Quercus, and so the overall patterns observed
are very similar to those of the reference scenario. In SensAnalysis8, Fagus is less drought
resistant and suffers lower survival rates at all life stages and particularly in the seedling
and sapling stages. This leads to a lower number of young and mature trees, particularly
in the late 19th and early 20th centuries, and thus a slightly higher number of Quercus in
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the C-generation when compared with the reference scenario, as Quercus have a
competitive advantage over Fagus during more frequent and severe drought events.
SensAnalysis9 and 12 investigate changes in shade tolerance. A higher shade tolerance of
Quercus in SensAnalysis9 makes it more competitive in a Quercus-Fagus mixed
woodland, reflected in the higher proportion of surviving individuals under a closed
canopy, leading to slightly higher proportions of Quercus throughout the 17th and 18th
centuries when compared with the reference scenario. In SensAnalysis12, Fagus is less
shade tolerant, and so takes longer to establish under the Quercus canopy, giving rise to
slightly higher proportions of Quercus throughout the 16th and early 17th centuries,
when compared with the reference scenario. However, Fagus does eventually come to
dominance. Overall, an increase in Quercus shade tolerance or a slight decrease in Fagus
shade tolerance, while resulting in a slight competitive advantage for Quercus, does not
lead to significant differences in terms of taxon composition or regeneration rates when
compared with the reference scenario.
Figures E.10 - E.17 depict the outcomes of changes in the minimum and maximum
DDsum threshold. A lower DDsummin for Quercus in SensAnalysis13 results in a slightly
accelerated growth rate in the younger stages, and a slightly higher proportion of young
and mature Quercus trees compared with the reference scenario. This higher growth rate
of Quercus leads to greater parity of Quercus and Fagus in the A-generation, although
the overall patterns throughout the entire time series are similar to those of the reference
scenario. Conversely, in SensAnalysis14, Quercus grows more slowly as the DDsummin is
lower, making it more susceptible to low temperatures. Although it experiences higher
mortality rates in the younger life stages as it spends more time in shaded conditions, it
still dominates in the B and C-generations, taking advantage of the relatively open
conditions to establish and grow. SensAnalysis15 examined a lower DDsummin for Fagus,
resulting in higher growth rates. Overall, the patterns are similar to those of the
reference scenario, although the numbers of mature Quercus and Fagus are similar in the
B and C generations. The lower growth rate of Fagus in SensAnalysis16 does not lead to
significant deviations from the reference scenario. Overall, changes in the DDsummin
taxon thresholds do cause some changes in growth rates, although the regeneration
patterns remain approximately the same as those of the reference scenario. Any
significant changes, such as those in SensAnalysis15, do not correspond with field
observations of Quercus dominance in the B and C generations.
SensAnalysis17-20 examined changes in the DDsummax thresholds. These alterations
resulted in substantial changes in growth rates for the affected taxon, as in
SensAnalysis17 and 19, where growth rates increased as a result of a lower threshold,
and SensAnalysis18 and 20, where they decreased due to a higher threshold. Higher
Quercus or lower Fagus growth rates give Quercus a slight advantage, although overall
there are no significant differences with respect to the reference scenario.
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Table E.2: Climate change projections1 for the southeast England administrative region for the 2010-2039 (2020s) and 2020-2049 (2030s) 30-year
time periods under low, medium and high emission scenarios for two climate variables: mean daily temperature and total precipitation. Values given
are projected changes relative to the 1961-1990 baseline period and are given for the 10, 50 and 90% probability levels.

Variable
Probability level
Spr

Aut

Win
1

2030s (2020-2049)
Mean Temp (◦ C)
Precipitation (%)
10
50
90
10
50
90

0.692

1.328

2.031

-7.199

1.237

10.47

0.848

1.532

2.318

-6.524

2.262

11.929

0.683

1.266

1.929

-9.759

-0.761

9.116

0.888

1.516

2.273

-10.10

-1.07

8.837

0.687

1.286

1.961

-8.777

0.058

9.750

0.916

1.645

2.482

-9.968

-0.096

10.859

0.745

1.722

2.882

-27.89

-9.659

11.002

0.856

2.09

3.54

-31.10

-10.71

12.883

0.600

1.625

2.844

-29.59

-10.42

11.572

0.841

2.059

3.539

-32.52

-11.88

11.317

0.522

1.589

2.833

-27.56

-7.875

14.784

0.914

2.129

3.615

-34.40

-14.03

8.843

0.860

1.657

2.501

-6.323

5.928

19.947

1.039

1.943

2.915

-7.95

5.658

21.453

0.792

1.612

2.478

-6.918

4.141

16.623

1.108

1.989

2.948

-6.403

5.109

18.173

0.757

1.642

2.567

-9.419

3.126

17.499

1.148

2.075

3.076

-7.501

5.79

21.167

0.537

1.288

2.096

-5.920

6.127

21.151

0.663

1.581

2.57

-4.442

8.246

25.003

0.588

1.335

2.145

-5.602

6.952

22.653

0.665

1.587

2.591

-2.605

9.75

26.52

0.545

1.344

2.198

-5.444

7.295

23.217

0.81

1.683

2.645

-5.256

8.703

27.269

The UKCP09 climate projections are expressed in probabilistic terms where “probability levels associated with a given change should be interpreted as indicating the
relative likelihood of the projected change being at or less than the given change” (HM Government, 2012b). Therefore, we say that, for example, for the spring season in the
2020s period under the high emissions scenario, there is a 10% probability of temperature change being less than about 0.687 ◦C (i.e., very unlikely that the temperature
change will be less than 0.687 ◦C), and a 90% probability of temperature change being less than about 1.961 ◦C (i.e., very likely that the temperature change will be less than
1.961 ◦C).
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Sum

Low emissions
Medium emissions
High emissions
Low emissions
Medium emissions
High emissions
Low emissions
Medium emissions
High emissions
Low emissions
Medium emissions
High emissions

2020s (2010-2039)
Mean Temp (◦ C)
Precipitation (%)
10
50
90
10
50
90
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