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REMOTE SENSING OF FOREST CANOPY GAPS
by Robin Geoffrey Jackson

Wind represents a significant problem for forestry in many parts of the world and is a severe
threat to commercial forests in the British Isles. The presence of windthrown gaps, primarily
formed by the actions of strong winds attributed to the passage of Atlantic depressions, are a
common component of upland forests in the British Isles. Despite the importance of such gaps,
previous research on windthrown gaps has been largely directed towards analysis of site and crop
factors, rather than the formation and progression of windthrown gaps.

This thesis evaluates the potential of fine (~ 4 m) spatial resolution remotely sensed data
and alternative classification methods to characterise windthrown gaps. The study site was Cwm
Berwyn Forest, in central Wales, a planted forest of predominantly Sitka spruce (Picea sitchensis
(Bong.) Carr.) containing windthrown gaps ranging in size from 50 to 3000 m® The remotely
sensed data used were acquired by an 11 waveband airborne thematic mapper (ATM) sensor with
a spatial resolution of ~ 4 m. This spatial resolution is finer than the windthrown gaps on the site
and comparable to that of future satellite sensors. A thematic map depicting land cover was
produced using a conventional maximum-likelihood classification of the ATM data and provided
an accurate representation of the land cover (> 90 % of the pixels allocated correctly). This hard
classification was also softened to output typicality and posterior class membership probabilities.

The results indicated that the hard classification provided an accurate means of
identifying windthrown gaps (> 95 % of known gaps identified) and was capable of identifying a
greater number of gaps, than manual interpretation of temporally coincident aerial photographs.
Estimates of windthrown gap area, perimeter and shape were derived from the hard and softened
classifications. The results indicated the potential to derive more accurate spatial representations
of windthrown gaps than a conventional hard classification, by softening the output to derive
typicality class membership probabilities. However, the major contribution of the research within
this thesis to previous work on windthrown gap formation and progression, is the potential to use
rate of change of typicality and posterior class membership probabilities to derive information on
various windthrown gap properties, such as exposed soil and living windthrown tree canopies.
Rate of class membership probability change was significantly related (P > 0.01) to the
gap-canopy boundary sharpness. This may enable the direction which windthrown trees fell to be
inferred and thus provide an indication of the vulnerability of gap-canopy boundaries to future
wind damage. This may allow forest managers to adapt their silvicultural practices to minimise
the risk of wind damage formation and progression in upland forests, which represent the bulk of
commercial forestry in the British Isles.
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Chapter 1

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Since the last Ice Age, around 11000 BC, through a process of colonisation and
succession, the British Isles gradually became covered by forests (Rackham, 1986). These
forests have subsequently been cleared, largely through settled agriculture, fuelled by a
growing population (Miller, 1991). Despite some legislation, often draconian, directed at
preserving Britain’s forests, there has been a continual erosion of forest cover, particularly
in the last 2000 years (Ryle, 1969; Miller, 1991). The poor state of Britain’s forest
resource came to prominence during the First World War, due to Britain’s reliance upon
imported wood. This was largely attributed to the necessity of wood for use as pit props
for coal mining (Miller, 1991). The Prime Minister at the time, David Lloyd George,
commented that Britain had been closer to losing the war due to a lack of wood, than a
lack of food (Ryle, 1969).

After the First World War, the Forest Subcommittee of the Reconstruction
Committee, examined the forest resource of Britain. The resulting Ackland Report,
published in 1917, concluded that Britain required a strategic reserve of wood which
would ensure supplies in the eventuality of future wars (Miller, 1991) and suggested that a

state forest authority be established to oversee afforestation. Consequently, under the



Chapter 1

1919 Forestry Act, state forestry in Britain began with the establishment of the Forestry
Commission, which was overseen by a Board of Commissioners (Ryle, 1969; Forestry
Commission, 1992; National Audit Office, 1993). These Forestry Commissioners were
formally charged with the duty of establishing a strategic reserve of wood, principally
through afforestation which has led to a doubling of Britain's forest cover since the
Forestry Commission’s founding (Miller, 1991).

Afforestation was concentrated on marginal upland regions, where the land was of
low agricultural quality, using exotic tree species which were better suited to the
environmental conditions (Foot, 1986; Miller, 1991). This land is generally characterised
by shallow or poorly drained soils, which can result in rooting problems for trees. The
combination of poor soils, exposure and high altitude make trees particularly vulnerable to
wind damage (National Audit Office, 1993). Unfortunately, there was no historical
evidence to suggest the potential seriousness of wind damage on this land as the
environmental conditions were not ideal for native tree species (Quine et al., 1995).

The development and widespread use of mechanised ground preparation in the
1950’s led to an increase in the rate of afforestation, particularly on upland sites which had
been previously considered unplantable (Schaible, 1992). Unfortunately, the use of early
mechanised ground preparation, principally to reduce initial establishment costs,
subsequently increased the vulnerability of the eventual forests to wind damage (Schaible,
1987). This has been attributed to development of structural roots being restricted to the

direction of the ground cultivation (Schaible, 1987; Nelson and Quine, 1990).
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As a consequence of the combination of site factors and silvicultural practices
noted above, many forests managed by the Forestry Commission and the commercial
private forest sector are vulnerable to significant wind damage. Wind damage can take
different forms, for example windsnap, but it is usually the overturning of the stem and
root plate, termed windthrow, that is the most common and serious (Quine et al., 1995).
Windthrow forms gaps in the forest canopy and these can be viewed positively,
particularly with the potential to increase ecological diversity (Quine and Humphrey,
1996). However, windthrow is generally perceived as economically undesirable within
forests managed primarily for wood production (Coutts, 1986). The vulnerability of
forests to windthrow imposes limitations upon silvicultural practices (Quine et al., 1995).
For example, a significant proportion of state managed forests in Britain are managed
under a no-thinning regime, specifically due to the risk of windthrow associated with
thinning as there is evidence that unthinned stands are more wind stable (Kilpatrick ez al.,
1981; Schaible and Gawn, 1989).

Silvicultural decisions, such as whether to thin a stand, or which commercial
species to plant, are usually taken with reference to the Windthrow Hazard Classification
(WHC) (Miller, 1985; Quine ef al., 1995). The WHC was originally based upon short
term data and changes have subsequently been made due to complaints that it was too
pessimistic (Quine, 1994, Quine et al., 1995). Despite these changes, work to date has
been largely directed towards site and crop factors, rather than the processes of
windthrown gap formation and progression (Quine and Bell, 1998). As a consequence,

our understanding of how windthrown gaps influence future wind damage, is limited.
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This lack of knowledge is partly due to the spatial and temporal variability of these
windthrown gaps. This has limited the value of management tools, such as the WHC, to
aid foresters in the management of subsequent ecological and economic implications. In
particular, how existing wind damage to a forest stand can influence the risk of future
wind damage occurring (Quine, 1994). Acquisition of this information requires
monitoring of wind damage formation and progression.

Current monitoring of windthrow has been based upon data acquired by aerial
photography, which provides the only practical technique available to acquire information
upon windthrown gaps, over the temporal and spatial scales of concern (Quine and Bell,
1998). An alternative may be to use satellite sensor systems, which generally provide a
less expensive source of data per unit of area covered, than aerial photography (Richards,
1993; Bolduc er al., 1999; Leblon, 1999). However, the primary limitation with using
satellite sensor data for this purpose is that windthrown gaps are usually smaller in size
than the spatial resolution of many of the current civilian satellite sensor systems available.
This significantly restricts the information concerning windthrown gaps that may be
derived and hence limits the value of the remotely sensed data. However, new
classification methods and satellite sensors (Aplin et al., 1997; Thomas et al., 1997,
McGraw et al., 1998; Celentano, 1999; Lillesand and Kiefer, 2000) may resolve many of

the current problems.
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1.2 RESEARCH OBJECTIVE

The primary objective of research reported in this thesis is to characterise
windthrown gaps using fine (< 5 m) spatial resolution remotely sensed data and alternative
classification methods. Particular emphasis will be placed upon the potential range and
usefulness of the derived information for the monitoring of the spatial and temporal

dynamics of windthrown gaps, that may aid commercial forest management planning for

wind stability.

1.3 THESIS STRUCTURE

Chapter 2 provides a review of the literature relevant to investigating windthrown
gaps. Emphasis is placed upon the formation of gaps by wind and the subsequent role of
windthrown gaps within forest dynamic processes. The benefits and disadvantages of
windthrown gaps to managed forest ecosystems are discussed, placing in context, the
importance of windthrown gaps within such forest ecosystems. This highlights why the
acquisition of spatial and temporal data on windthrown gaps is essential for effective
forest management. However, acquiring these data through traditional field surveys is
problematic and remote sensing is becoming increasingly used as an alternative.
Following a brief introduction to remote sensing, new satellite sensors and classification
methods are introduced which may provide the forest management community with the
potential to derive spatial information on windthrown gaps from these sources in the near

future.
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Chapter 3 introduces the Cwm Berwyn Forest wind damage monitoring site upon
which the work in this thesis is based. This monitoring site contains a range of
windthrown gaps typical in size to those formed throughout upland forests in the British
Isles (Quine and Bell, 1998). A summary of the main characteristics of the airborne
thematic mapper (ATM) sensor that acquired the remotely sensed data for subsequent
research is provided. In addition, the reference data currently used by the Forestry
Commission for wind damage monitoring and used in subsequent analyses are introduced.

Chapter 4 describes research methodology used throughout subsequent work.
Specifically, it describes the radiometric calibration, geometric correction and
classification of the ATM data.

Chapter 5 outlines the initial work which is based upon the analysis of a subset of
the ATM data from the monitoring site. A range of spatial resolutions representative of
current and new satellite sensors are investigated to evaluate the influence of spatial
resolution for future work on windthrown gaps. A conventional hard classification
method is examined to determine whether it is possible to accurately identify known
windthrown gaps. Estimates of windthrown gap areas derived from this hard classification
are compared against those from softened classifications to determine which method
provides the most accurate estimate of windthrown gap area.

Chapter 6 builds upon the results from Chapter 5, and investigates whether the
conclusions drawn are applicable at the forest-landscape scale and within different stand
types. This work is based upon the conventional approach to mapping windthrown gaps,

where they are considered as discrete features within forest stands through the allocation



Chapter 1

of a hard gap-canopy boundary. The initial work in Chapter 5 is expanded to investigate
the ability to accurately estimate windthrown gap perimeter and shape, in addition to
windthrown gap area, using hard and softened classification methods.

Chapter 7 considers windthrown gaps as features within a forest stand which are
mapped by a soft gap-canopy boundary, rather than a hard boundary. Attention is directed
towards whether variation in the gap-canopy boundary, specifically boundary sharpness,
can be accurately mapped using data derived from a softened classification. This analysis
uses both field survey data and a digital elevation model (DEM) as reference data against
which the mapped boundary sharpness is compared. Emphasis is placed upon the possible
application of windthrown gap boundary information for forest management planning to
reduce windthrow risk.

Chapter 8 provides a general discussion of the results from Chapters 5, 6 and 7, in.
the context of existing spatial and temporal knowledge of windthrown gaps. The possible
operational application of remote sensing methods for assessing wind damage for upland
forest management is discussed, with recommendations for further investigations made.

Chapter 9 provides a summary of the thesis and general conclusions.

1.4 SUMMARY

This thesis investigates the use of remote sensing to derive information on
windthrown gaps which is difficult to acquire using conventional field survey techniques.
The usefulness of remotely sensed data obtained from existing sensor systems and
classification methods are compared against new classification methods and remotely

sensed data which may be obtained from new sensor systems. Emphasis is placed upon the
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potential operational application of remote sensing for the monitoring of wind damage
within upland forests in the British Isles. This may enable forest managers to alter or
adopt silvicultural strategies to reduce the risk of windthrow and thus improve the long

term wind stability of upland forests in the British Isles.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The aim of this Chapter is to review the literature relevant to the remote sensing of
forest canopy gaps, with particular reference to windthrown gaps formed by the action of
strong winds. The bulk of this review concerns two broad topics: a) how windthrown gaps
are formed and why they are important features within forest ecosystems, b) the potential
for remote sensing to derive spatial and temporal information on windthrown gaps and

hence improve our understanding of wind damage formation and progression.

2.2 DISTURBANCE AND FOREST DYNAMICS

Forest ecosystems are widely recognised as being structurally and compositionally
diverse (Barnes et al., 1998). Much of this diversity is associated with the formation of
openings in the canopy which set in motion a vegetation replacement process and over
time result in a change to the forest structure (Watt, 1947; Connell and Slayter, 1977,
Shugart ef al., 1981; Cook, 1996; Dahir and Lorimer, 1996; Coates and Burton, 1997).
This vegetation replacement process is intimately linked to the type, frequency and
magnitude (in terms of intensity and severity (Quine ef /., 1999)) of the disturbance

which initially formed the opening in the canopy (Levin and Paine, 1974; Doyle, 1981;
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West et al., 1981; Lundquist, 1995; Cook, 1996; Oliver and Larson, 1996; Connell et /.,
1997; Hughes and Bechtel, 1997). As a result, disturbance can significantly affect the
composition, structure and function of forests (Barnes ef al., 1998).

However, disturbance is difficult to define (Rogers, 1996; Quine et al., 1999),
although the definition provided by White and Pickett (1985, page 6) is widely used: “any
relatively discrete event in time that disrupts ecosystem, community or population
structure and changes resources, substrate availability, or the physical environment”. A
simpler approach for forest management is to define disturbance with reference to the
affected organism. For example, disturbance can be considered as a discrete event where
at least one canopy tree is killed (Runkle, 1985). Irrespective of the definition used,
disturbance is usually a complex interaction between biotic and abiotic factors, can be
endogenous or exogenous, and can occur at a variety of temporal and spatial scales (Van
Miegroet, 1979; White and Pickett, 1985; Peterken, 1993; Lundquist, 1995; Rogers, 1996;

Quine ef al., 1999; Clinton and Baker, 2000; Sommerfeld er al., 2000).

2.3 GLOBAL CLIMATE CHANGE

The global climate naturally varies over time and there can often be extremes of
climate on occasions which can act as disturbance events. For example, the storm which
passed over southeast England on 15/16 October 1987 caused severe damage to both state
and private owned forests (Dannatt ef al., 1989). In the future, it is possible that global
climate change may have a significant effect upon the frequency and magnitude of extreme

climatic events, such as the 1987 storm.
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The global climate is strongly influenced by the global carbon cycle which results
from the flux of carbon between four main carbon stores: fossil carbon, the atmosphere,
terrestrial biosphere and the oceans (Schimel, 1995; IPCC, 2000). Often the flux of
carbon between these four stores can be influenced by human actions (IPCC, 2000). For
example, the process of deforestation transfers carbon dioxide (CQO,) from the terrestrial
biosphere to the atmosphere, whilst reforestation transfers CO; from the atmosphere to the
terrestrial biosphere (Schimel, 1995). In response, it is likely that changes in the global
climate will feedback, for example events like the 1987 storm, and result in changes to
forests and other forms of vegetation (Henderson-Sellers and McGuffie, 1995; Parton et
al., 1995; TIPCC, 2000). To evaluate the significance of the contribution to global climate
change it is necessary to detect, monitor and periodically measure the effects of

disturbances to forests at all temporal and spatial scales (IPCC, 2000).

2.4 CANOPY GAPS

The formation of an opening in a forest canopy by disturbance results in a complex
response and recovery process. This process can range from fine resolution gap dynamics
(disturbances up to =~ 0.4 ha (Clinton and Baker, 2000)), which result in uneven-aged
stands, through to coarse resolution patch dynamics (disturbances from ~ 1 ha up to
thousands of ha (UN/ECE, 2000a)), usually resulting in whole stand replacement and
hence even-aged stands (Quine ef al., 1999). It has been suggested that both gap and patch
dynamic processes will coexist in upland commercial forests in the British Isles (Quine ef

al., 1999). However, there is no clear distinction between gap and patch dynamic
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processes and the terms are used interchangeably. This ambiguity is evident in the wealth
of literature directed at forest dynamic processes (e.g. Watt, 1947; Levin and Paine, 1974;
Runkle, 1981; Hibbs, 1982; Lawton and Putz, 1988; Runkle, 1990; Spies et al., 1990;
Skinner, 1995; Dahir and Lorimer, 1996; Connell ef al., 1997; Hansen and Rotella, 1999;
Quine et al., 1999).

In subsequent work, the term ‘patch’ will not be used and the term ‘gap’ used to
refer to all disturbance formed openings at all temporal and spatial scales (Peterken, 1996;
McClure et al., 2000; Sommerfeld et al., 2000). This definition is broader than that
suggested by Brokaw (1982a & 1982b) which is widely applied (e.g. Denslow and Gomez

Diaz (1990) and Canham et al. (1990)).

2.4.1 Canopy gaps formed by wind

Gaps can be formed by a variety of disturbance agents such as fire, snow, fungal
pathogens and wind (Quine ef al., 1999). The research contained within this thesis
investigates windthrown gaps, formed by strong winds, which are a common feature of

upland forests in the British Isles.

2.4.1.1 Mode of windthrown gap formation

Wind represents an important disturbance agent and is a significant problem for
forest management throughout the world (Matthews, 1989; Everham, 1995; Fridman and
Valinger, 1998; Ishizuka et al., 1998; Mitchell, 1998; Hansen and Rotella, 1999; Peltonen,

1999; Mukai and Hasegawa, 2000; UN/ECE, 1999; UN/ECE, 2000a; Clinton and Baker,
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2000). For example, wind damage to forests can result in significant financial loss of wood
and can complicate conventional silvicultural practices (Coutts, 1986; Price, 1989;
Fridman and Valinger, 1998). Annual wind damage to commercial British forests
accounts for approximately 15 % of the annual production, although the degree of damage
is highly variable from year to year (Quine ef al., 1995).

The British Isles have a severe wind climate in places and many of the gaps found
throughout upland forests have been formed by strong winds attributed to fronts,
depressions and extratropical cyclones (Savill, 1983; Quine, 1991b; Quine et al., 1995;
Quine and Bell, 1998; Quine et al., 1999). Wind damage can take many forms such as
physical abrasion or windsnap (Quine et al., 1995; Kimmins, 1997; Smith et al., 1997).
However, windthrow (Figure 2.1) is the most common and serious form of wind damage
to commercial forests in the British Isles (Quine et al., 1995). Windthrow occurs when the
stem and the root plate of trees overturn, because the components of anchorage (Figure
2.2) are overcome by the overturning force of the wind (Coutts, 1986; Quine et a/., 1995).
The combination of soils, exposure and altitude make upland forests in the British Isles
particularly vulnerable to windthrow (Section 1.1) (National Audit Office, 1993). In
addition, predisposing factors such as poor drainage or restricted root growth can increase
the vulnerability of upland forests to damage by strong winds, with the magnitude of the
damage influenced by topography (Van Miegroet, 1979; Coutts, 1983; Tabbush, 1988;
Coutts and Nicoll, 1989; Nelson and Quine, 1990; Quine, 1991b; Lundquist, 1995;

Gardiner ef al., 1997; Fridman and Valinger, 1998).
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Figure 2.1 Wind damage to a coniferous forest in Normandy, France, which occurred in January
2000. Both windthrown and wind snapped trees can be seen.

14
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Pull ¢

{ Windward roots

- - Soil resistance

Figure 2.2 Diagram illustrating the four components of anchorage of a shallow rooted tree which
resist the horizontal force of the wind acting on the stem (adapted from Coutts (1986)). These
components are: resistance to bending at the hinge; resistance by roots under tension at the
windward side of the root plate; the weight of the root plate; and soil resistance. The pull on the
tree is due to the overturning force exerted by the wind.
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2.4.1.2 Ecological implications of windthrown gaps

Disturbance formed gaps are integral to the ecology of forests, generating
instability at fine scales, but dynamic stability at coarse scales (Peterken, 1996).
Unfortunately, there has been little work undertaken on the ecology of windthrown gaps
with commercial forests and parallels must be made with work undertaken on canopy gaps
in general.

The formation of a gap within a forest canopy modifies the availability, quantity
and distribution of abiotic and biotic conditions and resources within the understorey of a
forest. For example, air temperature, spectral quality and quantity of light, available water,
available nutrients and root competition (Whitmore, 1978; Van Miegroet, 1979; Canham,
1988a; Canham, 1988b; Lieberman ef al., 1989; Poulson and Platt, 1989; Denslow and
Gomez-Diaz, 1990; Denslow and Spies, 1990; Chen et al., 1993; Gray and Spies, 1996;
Carlson and Groot, 1997; Connell et a/., 1997). In this way, disturbance can significantly
affect the composition, structure and function of forest ecosystems (Barnes ef al., 1998).
However, the monitoring of the recovery of the forest to disturbance is not possible
without understanding the underlying conditions which might predispose the forest to
disturbance, or the processes which mediate the changes following disturbance (Barnes et
al., 1998).

Once formed, gaps usually contract through lateral canopy ingrowth, sprouting of
epicormic shoots, and regeneration from the seed and seedling banks (Hibbs, 1982;
Swaine and Whitmore, 1988; Whitmore, 1989; Runkle, 1990; Everham, 1995; Coates and

Burton, 1997; Connell ef al., 1997; Nachtergale ef al., 1997; Kranabetter and Wylie, 1998;
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Matlack and Litvaitis, 1999; Clinton and Baker, 2000; McClure et al., 2000). It is this
response, primarily due to the disturbance changing the understorey light environment,
that affects the future composition of a forest (Cottam, 1981; Kimmins, 1997).
Consequently, over time, gaps become less distinct from the surrounding forest and are
increasingly difficult to distinguish.

Gaps can also expand and coalesce, largely due to the initial disturbance increasing
the vulnerability of the surrounding forest to further disturbance (Young and Hubbell,
1991; Gray and Spies, 1996; Coates and Burton, 1997). For example, exposed stand
interior trees at the gap-canopy boundary of a newly formed windthrown gap have an
increased risk of wind damage, although this risk decreases over time as the trees adapt
their growth to the new conditions (Quine ef al., 1995; Barnes ef al., 1998). However, the
risk of windthrow progression at windthrown gap-canopy boundaries is influenced by
windthrown gap shape and boundary sharpness (Quine and Miller, 1990; Quine ef al.,
1995; Gardiner and Stacey, 1996; Kimmins, 1997).

Although there is some evidence to suggest that windthrown gaps can negatively
affect the ecology of a forest (e.g. Kranabetter and Wylie, 1998), they are generally viewed
positively from an ecological perspective. For example, the formation of windthrown gaps
can increase the potential regeneration of tree species and ground flora, and increase
habitat diversity (Quine and Humphrey, 1996; Drobyshev, 1999; Clinton and Baker, 2000;
Vickers and Palmer, 2000). The combination of the gap environment, understorey

environment, canopy environment and the transitional boundary environment, usually
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results in a higher diversity and density of both flora and fauna species (Hansson, 1983;
Greatorex-Davies, 1991; Mayle and Gurnell, 1991; Oliver and Larson, 1996).

The creation of gaps to develop edge vegetation is an accepted silvicultural
practice to promote wildlife within forests, although any benefit from an increase in
desirable species may be offset by an increase in other species, for example undesirable
predator species (Hansson, 1983; Carter and Anderson, 1987; Fuller, 1991;
Greatorex-Davies, 1991; King et al., 1998; Steventon et al., 1998). Bird and bat species
which have adapted to open areas may increase in number as the direct result of gap
formation (Hansson, 1983; Blake and Hoppes, 1986; Grindal and Brigham, 1998; Jung ef
al., 1999). This is partly due to the increased proi/ision of roosting sites (Briggs, 1998),
ease of flight (Grindal and Brigham, 1998), as well as an increase in insect abundance
(Blake and Hoppes, 1986; Greatorex-Davies, 1991; Warren, 1991; Briggs, 1998).

Any increase in insect abundance may be due to both the release of understorey
flora associated with gap formation and the gap boundary trees being weakened by the
disturbance which formed the gap, providing a suitable habitat for insect populations
(Carter, 1991; Warren, 1991). Unfortunately, it is an undesirable hazard for commercial
forestry that windthrown trees are susceptible to attack by pioneer bark beetles, as the
stressed trees are easily colonised (Speight and Wainhouse, 1989; Lundquist, 1995;
Gregoire et al., 1997; Safranyik and Linton, 1999). As these windthrown trees become
increasingly stressed, they act as focus trees which may provide a breeding habitat and
maintain bark beetle pest populations during non-epidemic periods (Speight and

Wainhouse, 1989; Peltonen, 1999; Peltonen and Heliovaara, 1999). In addition,
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windthrown trees are particularly vulnerable to colonisation by insects which can aid the
development of stain and decay fungi (Evans ef al., 1989). There are, therefore, indirect
and undesirable ecological and forest health implications associated with windthrown gaps
within commercial forests (Savill, 1983; Lundquist, 1995; UN/ECE, 1999). As the risk of
bark beetle attack to a forest is increased by the presence of windthrown trees (Jakus,
1998), the quantification of wind damage is, therefore, important for forest managers in
order to make silvicultural decisions such as the necessity for sanitation felling (Speight

and Wainhouse, 1989; UN/ECE, 1999; UN/ECE, 2000b).

2.4.1.3 Commercial implications of windthrown gaps

Natural disturbance, such as by wind, may be useful as a guide to developing a
natural approach to forest management (Skorupa and Kasenene, 1984; Quine ef al., 1999).
Indeed natural disturbance has been important for the development of silvicultural systems
and in upland British forests, wind damage has a size range similar to that of conventional
harvesting coupes (Runkle, 1985; Kimmins, 1997; Smith et al., 1997; Quine ef al., 1999).
However, windthrown gaps are usually considered commercially undesirable, primarily as
they may result in significant financial losses (Coutts, 1986; Price, 1989; Fridman and
Valinger, 1998; Peltonen, 1999). Such is the potential loss, that it is common practice
after partial windthrow, but before severe wind damage occurs, for forest managers to
undertake anticipatory felling (Foot, 1986; Quine and Miller, 1990).

In the event of severe wind damage, the wood markets may become flooded with

damaged wood, reducing prices (Price, 1989; UN/ECE, 1999; Anon., 2000). For example,
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storms across Europe on 26 and 28 December 1999 resulted in 165 million m* of wood
being damaged, the equivalent of six months planned harvesting (UN/ECE, 2000b). In
addition to the physical damage, windthrow results in a lower total volume production at
the end of an economic rotation (Rollinson, 1986) and subsequent restocking costs are also
likely to increase (Price, 1989; Anon., 1999). However, of greatest concern to commercial
forest management is the presence of partial windthrow at a stand boundary which opens
the stand up and increases the vulnerability of the stand to further wind damage (Quine
and Miller, 1990; Quine et al., 1995).

The air turbulence above a forest canopy is influenced by the degree and extent of
existing gaps (MacKenzie, 1976; Savill, 1983; Brokaw, 1985; Everham, 1995; Oliver and
Larson, 1996; Barnes et al., 1998), as wind is deflected along a gap-canopy boundary
(MacKenzie, 1976; Phillips, 1980; Savill, 1983; Price, 1989; Mitchell, 1998). Therefore,
the presence of existing windthrown gaps within a forest canopy, contributes to the
vulnerability of a forest to wind damage and will increase the risk of future wind damage
occurring (Smith et al., 1997).

Forest managers usually attempt to reduce the risk of wind damage by avoiding
common silvicultural practices which increase the risk (Matthews, 1989; Price, 1989;
Fridman and Valinger, 1998; Quine ef al., 1995; Quine and Bell, 1998). These decisions
are usually based upon decision support tools such as the WHC (Booth, 1977; Miller,
1985; Quine er al., 1995). To improve these tools, frequent monitoring of wind damage

formation and progression is necessary (Quine and Bell, 1998; Sommerfeld er al., 2000).
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In addition to increasing the vulnerability of a stand to to windthrow, windthrown
gaps also influence the future growth of residual standing trees (Gardiner, 1997). For
example, trees in densely stocked stands usually self-prune by shedding branches as shade
causes the older branches lower down on the crown to die naturally (Harris, 1978;
Haygreen and Bowyer, 1996). However, newly exposed trees on a gap-canopy boundary
adapt their growth to take advantage of the extra light resource by developing a side
canopy (Matlack and Litvaitis, 1999) (Figure 2.3). This side canopy consists of large
branches which become encased in the stem wood, leading to larger knots, thereby
reducing overall wood quality.

Gap-canopy boundary trees are also associated with the formation of ‘reaction
wood’, wider annual rings and greater stem taper, which are undesirable physical wood
properties (Ward and Gardiner, 1976; Milner, 1980; Kilpatrick et a/., 1981; Wilson, 1982;
Savill and Sandels, 1983; Brazier ef al., 1985; Rollinson, 1986; Wilson and White, 1986;
Rollinson, 1988a; Haygreen and Bowyer, 1996). These undesirable wood properties have
been shown to be serious, for example, reaction wood is prone to problems such as
warping during wood processing (Haygreen and Bowyer, 1996; Gardiner, 1997).

The poor quality of windthrown wood harvested may mean that it is only suitable
for sale in low value markets (Ward and Gardiner, 1976; Rollinson, 1986; Rollinson,
1988a; UN/ECE, 1999; Anon., 2000). In addition, wind damage has logistical and
harvesting implications as it forms a dangerous work environment (Lonsdale, 1990;

Anon., 1999; Health and Safety Executive, 2000; UN/ECE, 1999; UN/ECE, 2000c).
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Figure 2.3 Photograph of the edge of a clearfell within a Sitka spruce stand, illustrating the
difference in crown architecture between forest stand interior trees (on the left) and forest stand

edge trees (on the right).
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For example, due to the significant accident rate, it is recommended that anyone
harvesting windthrown trees should receive specific training and be certified as competent
(Dannatt and Garforth, 1989; Forestry and Arboriculture Safety and Training Council,
1996; Health and Safety Executive, 2000). Unfortunately, the danger of working on
windthrown trees has been emphasised with the recent death of a forest contractor working
on wind damaged trees in France (Hudson, 2000). As windthrown gaps represent a
hazardous work environment, acquiring information on them, such as area of a stand
damaged, or the volume of damaged wood, is obtained indirectly by mapping the

gap-canopy boundary.

2.5 MAPPING THE GAP-CANOPY BOUNDARY

The conventional approach to mapping gaps considers them to be discrete features
distinct from the surrounding canopy (e.g. Blackburn and Milton, 1995; Blackburn and
Milton, 1996; Blackburn and Milton, 1997; Lundquist, 1995; Ostertag, 1998), and
allocates a hard gap-canopy boundary. This mapping approach is largely done for the sake
of convenience (Pukkala ef al., 1993). Unfortunately, natural boundaries, such as a
gap-canopy boundary, tend to be ‘soft’ (Bosserman and Ragade, 1982; Wang, 1990;
Foody, 1996a; Foody and Trodd, 1990; Ratcliffe, 1991; Peterken, 1996; Wang and Hall,
1996; Kent ef al., 1997; Brown, 1998; Sommerfeld ef al., 2000).

There are two hard mapping approaches used to differentiate a gap from the
canopy. For example, the gap-canopy boundary can be considered as the ‘dripline’, which

is the projected crown edge of trees bordering the ‘canopy gap’ (Veblen, 1985; Lawton
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and Putz, 1988; Worrall and Harrington, 1988; Spies e al., 1990; Lertzman and Krebs,
1991; Perkins et al., 1992; Dahir and Lorimer, 1996; Gray and Spies, 1996; Van Der
Meer and Bongers, 1996; Cadenasso et al., 1997; Hughes and Bechtel, 1997; Myers ef al.,
2000) or the base of the edge trees on the gap side bordering the ‘extended gap’ (Runkle,
1981; Dahir and Lorimer, 1996) (Figure 2.4).

These alternative hard mapping approaches for allocating a hard gap-canopy
boundary are appropriate under different situations. For example, the ‘expanded gap’ may
be more appropriate than the ‘canopy gap’ for assessing the effects of a gap upon natural
regeneration as the increase in light levels extends beyond any projected canopy opening
due to a lack of lateral canopy (Runkle, 1990; Brown, 1996, Matlack, 1993).

The high risk of injury whilst working with wind damaged trees, in addition to the
time required and cost, means that it is often not practical to derive spatial information on
windthrown gaps using conventional ground surveys (Blackburn and Milton, 1996; Quine
and Bell, 1998). For example, the immediate response to the catastrophic wind damage
attributed to the 1987 storm (Section 2.3), was to survey the affected area in order to
estimate the harvesting requirements and predict the likely impact upon wood markets and
prices. Due to the cost in both time and money, a ground survey could only sample the
area affected by the storm (Dannatt ef al., 1989). As an alternative, remote sensing may
provide an appropriate technique for the mapping acquisition of spatial and temporal
information on windthrown gaps which would aid forest management planning for wind

stability.
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Canopy gap
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Figure 2.4 Hypothetical gap within the canopy of a forest stand, illustrating the difference between
the ‘canopy gap’ (highlighted by the blue box) and the ‘extended gap’ (highlighted by the red box)
(Runkle, 1990). The ‘canopy gap’ is bounded by the projected crown edge of trees bordering the
opening and the ‘extended gap’ is bounded by the base of the trees bordering the gap.
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2.6 REMOTE SENSING

The term ‘remote sensing’ is applied to the acquisition of data, using a sensor
placed at a distance from a feature of interest (Barrett and Curtis, 1992; Richards, 1993;
Campbell, 1996; Mather 1999; Lillesand and Kiefer, 2000). For the purposes of
discussion, this broad definition is restricted to the recording of reflected or emitted
electromagnetic radiation (EMR) from the Earth’s surface which can be analysed to map
the landcover mosaic (Curran, 1985; Campbell, 1996; Mather, 1999; Lillesand and Kiefer,
2000).

The selection of remotely sensed data to use for any investigation will be
influenced by a number of factors. These can be broadly classified into three categories:
data acquisition factors (such as sensor characteristics, the atmosphere and the angles
between the illumination source, landcover and sensor); information extraction factors

(e.g. classification); and the relationships between the reflecting and emitting elements

within the landcover.

2.6.1 Acquisition of remotely sensed data
2.6.1.1 Sensor characteristics

There are a large number of sensors which can acquire remotely sensed data which
may be suitable for forest based investigations. These sensors can be broadly classified in
a number of different ways. For example, in terms of the portion of the electromagnetic
spectrum (EMS) from which the data are acquired (e.g. optical or microwave sensors), the

altitude above the forest from which the data are acquired (e.g. airborne or satellite
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platforms) (Figure 2.5), or the energy source which illuminates the forest (e.g. passive or

active sensors). The following is a brief summary of some of the sensor systems which

may be used to acquire remotely sensed data.

2.6.1.1.1 Aerial photography

Aerial photography has long been used as a tool in forestry and uses camera
systems that provide instantaneous data records rather than data composed from separately
scanned lines (Spurr, 1948; Barrett and Curtis, 1999; Lillesand and Kiefer, 2000). The
resulting photographs can be obtained using different film types, such as panchromatic,
colour or colour infrared photographic films, or from different camera types, for example
panoramic or digital cameras (Campbell, 1996; Barrett and Curtis, 1999; House er al.,
1999; Lillesand and Kiefer, 2000). There is also the possibility of acquiring multispectral
photographs which are acquired within multiple spectral wavebands (House et al., 1999).
The routine and widespread use of aerial photography has resulted ﬁbm its reliability,
flexibility and versatility, for example, the ability to acquire stereopairs of photographs

(Campbell, 1996; House et al., 1999; Lillesand and Kiefer, 2000).

2.6.1.1.2 Aerial videography

Aerial videography is the recording of remotely sensed data as video signals
(Lillesand and Kiefer, 2000). There are a variety of camera systems which can be used
and it is possible to record data within the visible, near-infrared and middle-infrared

portions of the EMS (Lillesand and Kiefer, 2000). Aerial videography provides multiple
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Figure 2.5 Classification of remote sensing platforms by type and altitude (adapted from Barrett
and Curtis (1999)).
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views of the landcover and hence, provides multiple sensor view angle and sun angle
combinations for analysis (Lillesand and Kiefer, 2000). However, the data acquired are
usually at a lower spatial resolution compared to aerial photography and is often the main

limiting factor (Hosking, 1995; Lillesand and Kiefer, 2000).

2.6.1.1.3 Multispectral remote sensing

These scanning sensor systems are similar to multispectral aerial photography in
that they use multiple spectral wavebands, however, they can acquire data from narrower
wavebands, many more wavebands and over a greater portion of the electromagnetic
spectrum (Lillesand and Kiefer, 2000). Examples of established satellite based
multispectral sensors are Landsat’s Enhanced Thematic Mapper (ETM), Thematic Mapper
(TM) and Multispectral Scanner (MSS) sensors, Systeme Probatoire d’Observation de la
Terre’s (SPOT) High Resolution Visible (HRV) sensor, National Oceanic and
Atmospheric Administration’s (NOAA) Advanced High Resolution Radiometer
(AVHRR), Indian Remote Sensing Satellite’s (IRS) Linear Imaging Self Scanning Sensor
(LISS) and Panchromatic Imager (PAN). The spatial resolution from these established
satellite sensors varies from 1 km to 10 m (AVHRR and HRV (in panchromatic mode)
satellite sensors respectively). Typically a spatial resolution of the order of 10 m (SPOT
HRYV sensor in panchromatic mode) to 30 m (Landsat TM sensor, except in waveband 6)
is considered to be a benchmark spatial resolution for commercial remote sensing

applications (e.g. Aplin et al., 1997).
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There are also a number of relatively new multispectral sensors, which can acquire
data with a finer (typically < 5 m) spatial resolution (Aplin et al., 1997). For example, the
sensor carried aboard Space Imaging’s Ikonos satellite can acquire data at a spatial
resolution of 1 m (panchromatic mode) or 4 m (multispectral mode) and the sensors
carried aboard EarthWatch’s QuickBird satellite can acquire data at a spatial resolution of
1 m (panchromatic sensor) or 4 m (multispectral sensor).

There is also a special type of multispectral sensor system that operates only within
the thermal portion of the EMS. An example of this type of sensor is the National

Aeronautic and Space Administration’s (NASA) Thermal Infrared Multispectral Scanner

(TIMS).

2.6.1.1.4 Hyperspectral remote sensing

Hyperspectral remote sensing is concerned with the acquisition of data from a large
number of very narrow, contiguous spectral wavebands throughout the visible,
near-infrared and mid-infrared portions of the EMS (Lillesand and Kiefer, 2000).
Examples of hyperspectral airborne sensors include the Compact Airborne Spectrographic
Imager (CASI) and the Airborne Visible-Infrared Imaging Spectrometer (AVIRIS) which
both acquire data in 224 contiguous spectral wavebands, and the Moderate Resolution
Imaging Spectrometer (MODIS) satellite sensor, which acquires data in 36 contiguous

spectral wavebands.
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2.6.1.1.5 Microwave remote sensing

There are a number of remote sensor systems that operate within the microwave
portion of the EMS. These sensor systems can be ground based, carried upon airborne or
satellite platforms and can be either passive or active (Lillesand and Kiefer, 2000). The
problem with using the microwave portion of the EMS is that the strength of ‘passive’
microwaves naturally reflected and/or emitted is weak and highly sensitive microwave
radiometers must be used (Campbell, 1996; Lillesand and Kiefer, 2000). Therefore, most
remote sensing of the microwave portion of the EMS is usually carried out by active
sensing using radio detection and ranging imaging (RADAR) sensor systems (Campbell,
1996; Mather, 1999).

RADAR sensors use artificially generated microwave energy directed towards the
object of interest via an antennae. The energy that is recorded by the sensor depends upon
a number of factors, such as the wavelength and polarisation of the microwaves, ground
relief and surface roughness (Campbell, 1996; Lillesand and Kiefer, 2000). RADAR
systems use an antennae which is orientated to the side and termed side-looking radar
(SLR) or side-looking airborne radar (SLAR) systems. The resolution of real aperture
RADAR systems, is directly proportional to the length of the antennae used to transmit
and receive the signal (Campbell, 1996; Mather, 1999).

Synthetic aperture RADAR (SAR) systems were developed to make it possible to
increase the resolution of RADAR by achieving an artifically long effective antennae
length from a small actual antennae (Campbell, 1996; Mather, 1999). Examples of

satellite based SAR systems are carried aboard the European Remote Sensing (ERS) and
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Radarsat satellites. ERS-1 and ERS-2, launched in 1991 and 1995 respectively, carry
C-band SAR systems operated by the European Space Agency (ESA). Radarsat-1,
launched in 1995, is a Canadian remote sensing satellite that also carries a C-band SAR
system. In addition, the Radarsat sensor has a variety of operating modes that can provide
a variety of swath widths, resolutions and look angles (Campbell, 1996; Mather, 1999,
Lillesand and Kiefer, 2000).

RADAR systems have a number of distinct advantages over optical sensor
systems. They can acquire data independent of weather and illumination, because they
produce their own incident radiation (Ahern ef al., 1993; Campbell, 1996; Leblon, 1999;
Mather, 1999; Lillesand and Kiefer, 2000). This may make RADAR sensor systems
appropriate for monitoring upland commercial forests in the British Isles, since it is often
difficult to acquire cloud free remotely sensed data from optical sensors (Puhr and
Donoghue, 2000). However, a major restriction to the use of RADAR is the difficulty in
identifying forest boundaries which are not facing the direction of RADAR illumination,
represented by RADAR shadow (Campbell, 1996; Green, 1998a; Leblon, 1999). In
addition, RADAR data do not usually present a familiar representation of the landcover
mosaic as the sensors are unable to acquire colour information, unlike optical sensors

(Leblon, 1999; Mather, 1999; Lillesand and Kiefer, 2000).

2.6.1.1.6 LIDAR remote sensing
Light detection and ranging (LIDAR) is an active remote sensing method like

RADAR, except that it uses pulses of laser light rather than microwaves (Lillesand and
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Kiefer, 2000). LIDAR is an airborne sensor system, developed for terrain and surface
mapping, that is capable of returning data on the vertical distribution of the ground surface

and elements within the landcover (Lillesand and Kiefer, 2000).

2.6.1.2 The atmosphere

All the radiation used for remote sensing passes through the Earth’s atmosphere
(Campbell, 1996; Lillesand and Kiefer, 2000). The presence of dust, gasses and aerosols
within the atmosphere result in radiation absorption and scattering, which can significantly
modify the data acquired by a remote sensor (Hame, 1991; Campbell, 1996; Mather, 1999;
Lillesand and Kiefer, 2000). Atmospheric absorption, is usually attributed to the presence
of ozone (Os), water vapour (H,O) and CO, (Richards, 1993; Campbell, 1996; Barrett and
Curtis, 1999; Lillesand and Kiefer, 2000). CO; in particular has a significant role in the
global climate and may be associated with forest disturbances (Section 2.2) (Bazzaz, 1990;
Hendrey, 1992; Woodward, 1992; Barrett and Curtis, 1999; IPCC, 2000). Atmospheric
scattering is strongly influenced by the size and quantity of atmospheric particles, the
distance through the atmosphere the radiation must pass (the path length), and radiation
wavelength, with scattering increasing as the wavelength becomes shorter (Richards,
1993; Campbell, 1996; Mather, 1999; Lillesand and Kiefer, 2000). This means that the
optical portion of the EMS is affected more by the atmosphere than the microwave
portion. Changes in atmospheric conditions can alter the atmospheric absorption and
scattering which influences the spectral reflectance and illumination of the landcover and

ultimately, the radiation recorded by the sensor (Hame, 1991; Mather, 1999).
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2.6.1.3 Angles between the illumination source, landcover and sensor

Shadows within remotely sensed data are caused by objects which prevent part of
the landcover being directly illuminated (i.e. it only receives diffuse illumination). The
ability to see objects within regions of shadow is a benefit of the atmospheric scattering of
light (Section 2.6.1.2) (Campbell, 1996). The proportion of shadow within remotely
sensed data is a function of the angle of illumination (such as the solar elevation/zenith
angle), the sensor view angle, the illumination azimuth angle (the angle between the plane
of illumination and the plane of view), as well as the spectral transmittance of the
landcover (Barrett and Curtis, 1999; Mather, 1999; Lillesand and Kiefer, 2000). The
illumination and view angles are important considerations as there can be significant
variability in the reflectance from landcover, in terms of the proportion of the landcover
illuminated and viewed respectively. Whether the sensor is viewing into or away from the
source of illumination, described by the azimuth angle, will also influence the reflectance
recorded.

At the extremes, landcover can act as a specular reflector, reflecting radiation in a
single direction, or it can act as a perfectly diffuse reflector, reflecting radiation equally in
all directions (Richards, 1993; Campbell, 1996; Mather, 1999). Natural landcover usually
exhibits a complex reflectance pattern which is described by the bidirectional reflectance
distribution function (BRDF) for all possible combinations of viewing and illumination
angles at a given wavelength (Campbell, 1996; Barrett and Curtis, 1999; Mather, 1999;

Lillesand and Kiefer, 2000).
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2.6.2 Classification of remotely sensed data

Due to the relatively familiar representation of the landcover mosaic, optical
remote sensing may be more appropriate for operational forest management use than other
methods of remote sensing (Section 2.6.1.1). The remotely sensed data acquired by
optical sensors can be stored in pictorial and digital formats. However, it is usually in
digital format that the data are most useful, due to the relative ease of classification
(Richards, 1993; Campbell, 1996; Lillesand and Kiefer, 2000). Digital remotely sensed
data represent the spatial variation in the magnitude of EMR interacting with the Earth’s
surface (Curran, 1985; Smith ef al., 1990; Wang, 1990; Puyou-Lascassies ef al., 1994).
These data consist of a two-dimensional arrangement of picture elements, or pixels
(Richards, 1993; Campbell, 1996; Fisher, 1997; Frohn, 1998; Gerylo et al., 1998;
Lillesand and Kiefer, 2000). Each pixel is a spatial sampling unit, associated with the
sensor used and bears no direct relation to spatial factors of the Earth’s surface.

Pixels represent a sample expressed as an integer value, termed digital number
(DN), which denotes the radiance for a specific spectral waveband (Curran, 1985; Mather,
1999). The magnitude of the radiance represented by an individual pixel is a complex
function of the atmosphere, the pattern of reflectance as described by the BRDF and the
spectral reflectance properties of the components within that pixel (Mather, 1999;
Lillesand and Kiefer, 2000).

Classification is used extensively to extract information from remotely sensed data.
The aim is to allocate every pixel within the remotely sensed data to classes which have

meaning to the end user (Settle and Drake, 1993; Wang and Howarth, 1993; Lillesand and
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Kiefer, 2000). For example, remotely sensed data of a town may be crudely classified
using classes such as ‘road’, ‘building’ and ‘grass’. This is based upon the assumption
that each class has a distinct reflectance pattern attributed to physical differences and,
therefore, each class is statistically distinguishable from the others (Mather, 1999;
Lillesand and Kiefer, 2000).

There are two main approaches used to classify remotely sensed data, unsupervised
and supervised classifications, and the advantages and disadvantages of each are discussed
by Campbell (1996). An unsupervised classification is based purely upon the remotely
sensed data and does not require prior knowledge of the landcover represented by the data
(Richards, 1993; Campbell, 1996; Lillesand and Kiefer, 2000). This method of
classification uses the distribution of pixels in multidimensional feature space to derive
statistical information on likely classes and subsequently group the remotely sensed data
into classes (Barrett and Curtis, 1999). Supervised image classification uses prior
knowledge about the landcover represented by the remotely sensed data to extract
information (Richards, 1993; Campbell, 1996; Mather, 1999; Lillesand and Kiefer, 2000).
This later method uses reference data to select sample pixels, whose contents are known,
to represent thematic classes and subsequently derive statistical information on each class
(Campbell, 1996). Classifiers, such as the parallelepiped, minimum-distance or
maximum-likelihood, then use this information to allocate each pixel to a class (Campbell,
1996; Mather, 1999; Lillesand and Kiefer, 2000).

However, once a classification has been conducted, its accuracy must be assessed

to determine the magnitude and pattern of the error (Mather, 1999; Lillesand and Kiefer,
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2000). There are a number of factors which influence classification error, amongst which
are the classification algorithm used, the presence of untrained classes within the data and
the spatial resolution of the data (Figure 2.6) (Foody, 2000). Conventional unsupervised
and supervised classification algorithms, such as the maximume-likelihood, can be
described as ‘hard’, as each pixel is allocated to a discrete mutually exclusive class
(Atkinson and Cutler, 1996; Foody, 1996a; Brown, 1998; Foody, 2000). Hard
classifications assume that pixels are pure and hence, are well suited for the classification
of pure pixels representing landcover classes which the classifier has been trained to
recognise (Foody, 1996a; Cadenasso et al., 1997; Foody, 2000).

However, there is often a significant proportion of pixels within remotely sensed
data which contain more than one class and are often termed mixture elements, or mixels
(Fisher, 1997; Foody, 1998; Gerylo et al., 1998). Most remotely sensed pixels are mixed
and these cause problems in analysing remotely sensed data (Smith ez al., 1990; Settle and
Drake 1993; Kerdiles and Grondona, 1995; Foody, 1996a; Armitage et al., 1997; Foody,
2000). For example, the usefulness of a hard classification for landcover mapping will
decrease as the quantity of mixed pixels within the data increases (Foody, 2000). The
quantity of these mixed pixels within remotely sensed data is usually a function of the
spatial resolution of the sensor used (Figure 2.7), class definitions and the landcover
mosaic (Grunblatt, 1987; Nelson, 1989; Wang, 1990; Cross ef al., 1991; Settle and Drake,
1993; Wu and Schowengerdt, 1993; Foody and Curran, 1994; Puyou-Lascassies ef al.,

1994; Kerdiles and Grondona, 1995; Foody, 1996a; Fisher, 1997; Foody, 2000).
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Figure 2.6 The hard classification output of a hypothetical object within remotely sensed data, as a
function of the spatial resolution. The spatial resolution of the upper left, upper right, lower left
and lower right data are 1 m, 2 m, 4 m and 8 m respectively. As the spatial resolution of the
remotely sensed data becomes coarser, the representation of the object derived from a hard
classification becomes less accurate.
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Figure 2.7 A hypothetical homogeneous object within remotely sensed data, as a function of the
spatial resolution. The spatial resolution of the upper left, upper right, lower left and lower right
data are 1 m, 2 m, 4 m and 8 m respectively. As the spatial resolution of the remotely sensed data
becomes coarser, the number of pixels representing the object which are mixed increases.
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2.6.3 The remotely sensed response from a forest

The remotely sensed response from a forest is a function of numerous components
(Brakke et al., 1989; Baret et al., 1995; Kerdiles and Grondona, 1995; Nilson and Ross,
1997). A pixel representing the response from a forest will usually contain a complex
mixture of four main components: sunlit canopy; sunlit gaps; shaded canopy; and shaded
gaps (Gerard and North, 1997; Jupp and Walker, 1997; Nilson and Ross, 1997). Due to
the high canopy cover maintained in managed British forests, the contribution from the
canopy will usually dominate the remotely sensed response from a forest (Stenback and

Congalton, 1990; Danson and Curran, 1993).

2.6.3.1 The spectral reflectance from a canopy

The spectral reflectance from a canopy is principally controlled by plant physiology
and physiognomy, that are both dependent upon a number of factors, such as species and
season (Curran, 1985; Guyot,1990; Barnsley, 1994). Flowers, fruit and woody biomass
are important elements within the canopy, although leaves are the dominant element which
influence the canopy reflectance. Specifically, it is the pigmentation systems, the
physiological structure and the water content which primarily affect the spectral
reflectance of leaves and hence the remotely sensed response from a forest canopy (Guyot,
1990).

The pigmentation systems within leaves control the spectral reflectance within
visible wavelengths, whilst the structure and water content of leaves determine the spectral

reflectance from the near- and middle-infrared wavelengths (Figure 2.8). EMR which is
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Figure 2.8 Typical reflectance curves for dry bare soil and green vegetation (adapted from
Curran (1985) and Lillesand and Kiefer (2000)).
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not reflected from the leaf surface is absorbed and transmitted where it is scattered and
reflected within the internal leaf structure (Figure 2.9). Leaves contain four primary
pigments: chlorophyll a; chlorophyll b; /3 carotene; and xanthophyll lutein, which absorb
photosynthetically active radiation (PAR) for photosynthesis (Campbell, 1990; Salisbury
and Ross, 1992). The proportion of these pigment systems, dependent upon the age of the
leaf, season and tree species, will affect the spectral reflectance of the canopy. The
characteristic reflectance properties of healthy green leaves are (Figure 2.8): low
reflectance of red and blue light; medium reflectance of green light; and high reflectance
of near-infrared (NIR) radiation. However, as leaves senesce, the spectral reflectance of
yellow-green and red light increases as absorption by chloroplasts decreases (Brakke et al.,
1989; Guyot, 1990).

The palisade mesophyll on the upper side of the leaves consists of closely packed
cells which contain a large quantity of chloroplasts with 5 to 20 % air space, whilst the
spongy mesophyll on the under side of the leaves consists of loosely packed cells, with 50
to 80 % air space and fewer chloroplasts (Figure 2.9) (Raven ef al., 1986; Brakke et al.,
1989; Campbell, 1990). Most of the internal scattering of visible wavelengths within
leaves occurs at air-cell interfaces (Brakke et al., 1989; Guyot, 1990; Nilson and Ross,
1997). This may be an evolutionary trait designed to disperse visible light throughout the
canopy and hence maximise the light resource available to the leaves for photosynthesis
(Brakke er al., 1989). This transmission and reflectance of light within a forest canopy, in

conjunction with atmospheric scattering (Section 2.6.1.2) ensures that shadow within a
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Figure 2.9 Cross section through a representative broadleaved tree leaf with the epidermal and
ground tissue (mesophyll) labelled.
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remotely sensed response does not infer absence of solar radiation (Satterlund, 1983;

Whitmore, 1990).

2.6.3.2 The spectral reflectance from a gap

The ability to identify a gap within remotely sensed data is based upon the
principle that its remotely sensed response will differ significantly from that of the
surrounding landcover. The spectral reflectance from a gap will usually be the spectral
reflectance from the forest understorey left after the canopy has been removed. Due to
conventional silvicultural practices maintaining a high level of canopy cover, understorey
vegetation does not usually thrive within upland British forests (Figure 2.10) (Danson and
Curran, 1993; Puhr et al., 1997; Green, 1998b; Puhr and Donoghue, 2000). Therefore,
the spectral reflectance from a gap formed by the complete removal of trees within Sitka
spruce plantations, will be initially influenced by the reflectance of the needle litter and
soil. This soil reflectance will depend upon the moisture content, the mineral composition
and the particle size. As vegetation gradually colonises and regenerates within a gap, the
contribution from the soil and the needle litter to the spectral reflectance of the gap will
decrease and it will be more difficult to discriminate between a gap and the surrounding

landcover (Walsh ef al., 1982; Yatabe and Leckie, 1995).
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Figure 2.10 Photograph taken from under a Sitka spruce canopy, looking into a windthrown gap.
The lack of ground vegetation in the foreground under the canopy is due to inadequate light.
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2.7 REMOTE SENSING OF WINDTHROWN GAPS

Acquiring spatial and temporal information on windthrown gaps using
conventional field survey methods is difficult (Section 2.5). Remote sensing may provide
an alternative method for acquiring this information because it does not bear the cost of
labour and time associated with field survey, although it does require other resources, such

as computing facilities.

2.7.1 Previous work on the remote sensing of windthrown gaps

The benefit of RADAR was noted in Section 2.6.1.1.5, however, previous work
has indicated that although RADAR has the potential to identify windthrown gaps, its
application is restricted by the difficulty in defining boundaries which are not facing the
direction of RADAR illumination (Green, 1998a; Leblon, 1999). This problem is largely
influenced by gap shape and orientation relative to the illumination (Green, 1998a).

To-date, the mapping of windthrown gaps using remotely sensed data has been
based largely upon the manual interpretation of aerial photographs (e.g. Quine and Bell,
1998). However, the use of aerial photographs is not without its problems (Wilson, 1997,
Wang ef al., 1998). Photographic interpretation is time consuming and subjective
(Delaney and Skidmore, 1998; Naesset, 1998). An alternative to aerial photographs is the
use of airborne sensor data.

Previous work has investigated the potential to use 2 m spatial resolution data,
acquired by a CASI sensor, to delineate gaps within several deciduous woodland types

(Blackburn and Milton, 1995; Blackburn and Milton, 1996; Blackburn and Milton, 1997).
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The results suggested it was possible to map canopy gaps within the deciduous woodland
types, and estimate gap area, perimeter and shape. From these results it was possible to
infer the relative ecological implications of the gaps identified. It was concluded that fine
spatial resolution remotely sensed data were appropriate for monitoring forest dynamic
processes associated with gap formation.

However, the value of aerial photography or airborne sensor data is often limited
by factors such as the relatively limited spatial coverage, which may limit the range of
useful information which may be derived (Katsch and Vogt, 1999; Scheer and Dursky,
1998; Leblon, 1999). Satellite sensor systems may, however, represent a more appropriate
source for the acquisition of data on windthrown gaps. Previous work has involved the
use of these satellite sensors for mapping severe wind damage to forests throughout the
world (e.g. Gillis e al., 1990; Ramsey et al., 1997; Mukai and Hasegawa, 2000), or
studied gaps resulting from forest disturbance in the context of global climate change (e.g.
Foody and Curran, 1994; Curran et al., 1995; Schimel, 1995; IPCC, 2000) (Section 2.3).
Other work has used satellite sensors to monitor changes in forest stand reflectance
associated with relatively small scale gaps formed by thinning the stands, and
subsequently identify the presence of these gaps (e.g. Olsson, 1994; Nilson and Olsson,
1995).

These current civilian satellite sensors (e.g. Landsat TM) acquire data at the
forest-landscape scale required for the monitoring of wind damage to forests over the
range of climatic zones within the British Isles (Quine and Bell, 1998; Quine ez al., 1999).

The major drawback to the use of these satellite sensing systems is that many windthrown
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gaps are smaller or similar in size to the spatial resolution of these sensors (Quine and
Bell, 1998). Therefore, many windthrown gaps will be subpixel in size and represented
within the remotely sensed data by mixed pixels (Werle et al., 1986). However, it is not
easy to account for the presence of mixed pixels using conventional hard classification
methods. These hard classification methods (Section 2.6.2) are based upon discrete class
allocation and only allow full or zero pixel membership to any class (Wang, 1990; Altman,
1994; Wang and Hall, 1996). This may have important consequence for area estimates

derived from the classified data, as well as the spatial representation of classes within the

data (Foody, 1996a).

2.7.2 New opportunities for remote sensing of windthrown gaps

New classification methods and new satellite sensor systems may resolve many of

the current problems encountered with the use of remotely sensed data.

2.7.2.1 New satellite sensor systems

There are a range of new satellite sensors that can acquire finer (< 5 m) spatial
resolution data than established satellite sensors such as Landsat’s TM (Aplin ef al., 1997,
Thomas ef al., 1997, McGraw et al., 1998; Celentano, 1999; Lillesand and Kiefer, 2000).
Examples of these new sensors include the those carried aboard the Ikonos and QuickBird
satellites (Section 2.6.1.1.3). As the spatial resolution of the remotely sensed data
available becomes finer, the spatial representation of landcover should become more

accurate and the accuracy of areal estimates should increase. An alternative would be to
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use the relatively coarse spatial resolution satellite sensor data currently available (e.g.
10m spatial resolution data from Landsat TM), but apply a classification method which

provides an alternative representation of class membership within pixels to conventional

classification methods.

2.7.2.2 New classification methods

There are a range of alternative methods to a hard classification (Lillesand and
Kiefer, 2000), some of which have been used for forest cover mapping when the pixels
within the remotely sensed data are mixed (e.g. Foschi, 1994; Williamson, 1994; Hlavka
and Spanner, 1995; Huguenin ef al., 1997). One alternative is to use soft, or fuzzy
classification methods (Foody, 1996a; Foody, 1996b; Foody, 2000) for forest cover
mapping (e.g. Maselli er al., 1995). These soft classifications may be more applicable for
handling mixed pixels, as they may be used to represent the relative proportion of each
component class within a pixel (Wang, 1990; Cross et al., 1991; Settle and Drake, 1993;
Puyou-Lascassies et al., 1994; Kerdiles and Grondona, 1995; Foody, 1996a). This may
allow a more accurate estimate of component class areas to be derived from a soft
classification (Foody, 1996a; Foody, 1996b).

A soft classification allocates partial and multiple class membership to a pixel
(Wang, 1990; Heuvelink and Burrough, 1993; Altman, 1994; Foody, 1996b; Brown,
1998). Generally, as the proportion of a class within a pixel increases, the contribution of
that class to the spectral reflectance within the pixel increases (Wang, 1990; Shimabukuro

and Smith, 1991; Settle and drake, 1993; Puyou-Lascassies ef al., 1994; Williamson, 1994;
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Kerdiles and Grondona, 1995). However, this is often not straight forward. The
relationship between the proportion of a class within a pixel and the contribution of that
class to the remotely sensed response may not be linear and a class may exert a
disproportionate influence (Smith ef a/., 1990; Borel and Gerstl, 1994). In addition, it is
usually not possible to derive information on the spatial distribution of each class within a
pixel (Atkinson, 1997; Huguenin et al., 1997; Foody, 1998).

It is possible to undertake a fully soft classification, in which the training, testing
and allocation stages of classification are soft. This requires training with mixed pixels for
which the class composition is known and this information is often not available.
Alternatively, it is possible to soften the output of a conventional hard classifier. For
example, softening the output from a maximum-likelihood classification may provide a
more realistic representation of landcover and improved estimates of class area (Foody,
1996b; Foody, 1998).

The maximum-likelihood classification generates information that can be used as a
surrogate for the relative proportion of each component class within a pixel (Foody et al.,
1992; Foody and Trodd, 1993; Foody, 1996b). This information, from which measures of
class membership can be derived, is not fully exploited (Wang, 1990; Maselli, 1994;
Foody, 1996b). Softening this conventional hard classification to output class membership
may have the benefit to the end user of increasing the accuracy of measurements derived

from the output, without the disadvantages of dealing with a larger remotely sensed data

volume.
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2.8 SUMMARY

Windthrown gaps are a common feature of commercial British forests, and spatial
and temporal information is required to develop strategies to manage their effects and
further the understanding of the processes involved in wind damage (Quine ef al., 1995;
Quine, 1998; Quine and Bell, 1998). However, this information is difficult to acquire by
traditional field survey methods (Quine and Bell, 1998). Remote sensing has the potential
to be used as an operational tool for the provision of information on windthrown gap
characteristics. To date, this work has been based upon information on windthrown gaps
acquired through the manual interpretation of aerial photographs (Quine and Bell, 1998).

Satellite sensors may provide a more attractive source of remotely sensed data.
However, the usefulness of products derived from these data may be constrained by the
spatial resolution of the data acquired by established satellite sensors and the limitations of
conventional hard classification methods in dealing with mixed pixels. The research in
this thesis has investigated fine (< 5 m) spatial resolution remotely sensed data and
alternative classification methods for characterising windthrown gaps within commercial

upland forests in the British Isles.
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CHAPTER 3
STUDY SITE AND REMOTELY SENSED

DATA ACQUISITION

3.1 INTRODUCTION

This Chapter describes the forest site for which the remotely sensed data were
acquired and summaries the main characteristics of the airborne thematic mapper (ATM)
sensor, which was used to acquire the remotely sensed data used in subsequent research. In
addition, the operational reference data of known windthrown gaps present within the

forest site are also described.

3.2 CWM BERWYN FOREST WIND DAMAGE MONITORING SITE

Cwm Berwyn Forest is located in Central Wales (Figure 3.1). It was established
over three planting seasons, between 1960 and 1963, by the Forestry Commission and is a
typical upland forest (Davies, 1991). Within Cwm Berwyn Forest a 250 ha wind damage
monitoring site was established in 1988 by the Forestry Commission for the study of
windthrow prediction (Quine, 1988; Quine and Reynard, 1990). This monitoring site

consisted of seven compartments surrounding Liyn Berwyn (Figure 3.2).
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Figure 3.1 Location map of Cwm Berwyn Forest, Wales.
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Figure 3.2 Compartments within Cwm Berwyn Forest wind damage monitoring site, surrounding
Llyn Berwyn lake.
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The Forestry Commission’s information on the formation and development of
windthrown gaps within this monitoring site has largely been acquired from the manual
interpretation of annual 1:10,000 colour aerial photographs, taken since 1988. This
information was targeted at the validation and refinement of the WHC, which significantly
influences commercial upland forest management practice in the British Isles (Sections 1.1

and 2.4.1.3) (Booth, 1977; Miller, 1985; Quine, 1987; Quine, 1989; Quine e al., 1995).

3.2.1 Site conditions

Ranging in elevation between 300 to 500 m above mean sea level, the monitoring
site is characterised by variable topography, as well as variable soil types (Table 3.1). The
underlying geology consists primarily of Silurian shales and the soils are dominated by
Molinia peat bog (Quine, 1991a). The site has approximately 1700 mm rainfall per annum
and is exposed, with a topographic exposure (TOPEX) score between 1 and 34 (Miller,
1985; Quine, 1991).

Field survey data acquired in 1988 by the Forestry Commission, in compartment
7271 (Figure 3.2), resulted in a mean WHC score of approximately 29, which indicated
WHC 5, although the range across the whole site varied between classes 3 and 6 (see
Miller (1985) for a full description of the WHC). This indicated that there was a
significant risk of windthrow and that the damage would be frequent (Quine ef al., 1995).
This WHC score predicted that windthrow would start to occur when the trees reached a
critical height of 15.0 m, (Miller, 1985). The 1988 field survey data indicated that the

stand height varied from 8.0 to 15.5 m (Quine, 1991a). As aresult, in 1988 when the wind
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damage monitoring project was established, the trees within the monitoring site had
reached a height when the WHC predicted wind damage would commence. Subsequent

field surveys have indicated that the observed windthrow concurred with that windthrow

predicted by the WHC (Quine, 1991).

Soil type FC Soil code Percentage of the monitoring site
Intergrade/Iron pan 4b/4p 18%
Peaty gley 6, 6a, 6p 15%
Surface water gley 7 1%
Juncus peat bog 8 2%
Molinia peat bog 9b 62%
Sphagnum/Calluna/ Trichophorum/ 10 2%

Eriophorum peat bog

Table 3.1 Soil types of Cwm Berwyn Forest wind damage monitoring site (Quine, 1991a), based
upon the soil classification developed for British commercial forestry by Pyatt (1982).

3.2.2 Pre-establishment practice

Due to the poor natural drainage, the majority of the site was ploughed, using a
variety of ploughs. These included: a single furrow plough; double furrow plough; and a
single mouldboard plough (Davies, 1991). This cultivation is usually undertaken to
provide raised planting sites and improve subsequent plant establishment and survival
(Tabbush, 1988). After ploughing, the entire monitoring area was initially hand-drained

and later plough drained in the wetter areas (Davies, 1991). However, site preparation
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undertaken prior to planting can restrict root growth which may also lead to windthrow
(Section 1.1) (Coutts, 1983; Schaible, 1987; Tabbush, 1988). Field surveys by the
Forestry Commission indicated that the poor alignment of main drains, combined with
plough furrows not running perpendicular to the slope, resulted in inadequate drainage and
ponding in certain sections of the monitoring site. This appeared to have reduced the

stability of the stand to wind damage and hence, increased the risk of windthrow (Quine,

1991a).

3.2.3 Tree species

The monitoring site was established predominantly with stands of Sitka spruce
(Picea sitchensis (Bong.) Carr.) (SS), with some stands of lodgepole pine (Pinus contorta
var. Latifolia Wats.) (LP) and Japanese larch (Larix kaempferi (Lamb.) Carr.) (JL) (Figure
3.3). There were also some mixed stands of Sitka spruce and lodgepole pine (SS/LP), and
Japanese larch and Sitka spruce (JL/SS).

Sitka spruce is an exotic tree species, introduced into the United Kingdom in 1831
from Oregon and British Columbia by David Douglas, a Scottish botanist and plant
collector (Harris, 1978). Sitka spruce derives its common name from a small seaport in
southern Alaska and has a natural range stretching through 22° latitude, along a narrow
coastal strip from Kodiak Island in Alaska to Caspar in Mendocino County, California
(Harris, 1978; Mitchell, 1974; Harris, 1990; Savill, 1991). This range is restricted to
humid oceanic conditions, usually occurring below 300 m elevation, and characterised by

a high moisture requirement and short growing season (Wood, 1955; Harris, 1978).

57



Chapter 3

H S5

O SSAP
JLISS

Grid @Nﬂﬂh =Meters¥
1000.00

Figure 3.3 Tree species within Cwm Berwyn Forest wind damage monitoring site. Pure stands of
Sitka spruce (SS) are represented by dark blue, pure stands of Japanese larch (JL) are represented
by yellow, pure stands of lodgepole pine (LP) are represented by dark green, mixed stands of Sitka
spruce and lodgepole pine (SS/LP) are represented by light blue and mixed stands of Japanese
larch and Sitka spruce (JL/SS) are represented by orange.
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Sitka spruce is a very adaptable species, with evidence from early provenance trials
indicating that Queen Charlotte Islands provenance is particularly suitable for the UK
(Lines, 1978; Savill, 1991). Indeed, the damp soils characteristic of the land upon which
upland commercial forests in the British Isles have been established (Section 1.1), such as

Cwm Berwyn Forest, are not dissimilar to those found within Sitka spruce’s natural range

(Day, 1957; Day, 1963).

3.2.4 Post-establishment practice

A major imposition placed upon common silvicultural practice by the wind
damage monitoring project, was a restriction on the clearance of wind damaged trees or
tidying of any windthrown trees to the nearest windfirm boundary, as newly exposed edges
have an increased risk to windthrow (Quine, 1987; Quine et al., 1995). There was no
restriction placed upon stand thinning, with approximately 32 ha of the monitoring site
thinned during 1986, although two compartments (7270 and 7271) were left as unthinned
controls (Figure 3.4). Thinning is perhaps the most useful silvicultural tool available to
forest managers and involves the physical removal of a proportion of the trees (Rollinson,
1988b), to provide a variety of financial and economic benefits (Gilliland, 1980; Grayson,
1981; Duthie, 1982). This thinning operation was undertaken about two to three years late
which, although financially beneficial, may increase the windthrow risk of the residual
standing trees (Grayson, 1981; Harper, 1986; Price, 1989; Moore and Somerville, 1998).

The thinning operation within the site was undertaken as a 2:10 systematic motor manual
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Figure 3.4 Thinned areas and unthinned experimental control within Cwm Berwyn Forest wind
damage monitoring site.
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line thinning operation, with a feller selected ‘tickle’ at the edges of the residual rows

(Figure 3.5) (Quine, 1997).

3.2.5 Existing windthrown gaps

At the time of the ATM sensor overpass in June 1994, the known windthrown gaps
within the monitoring site (Figure 3.6) ranged between 50 to 3000 m? in area,
representative of typical windthrown gaps found within British forests (Figure 3.7) (Quine
and Bell, 1998). The majority of these gaps were located on the boundaries between poor
drainage/poor growth areas and well drained/better growth areas. Where the potential for
root growth was unrestricted, Sitka spruce root systems will normally penetrate to at least
2 m (Day, 1963). However, the restricted root growth on the site weakened the anchorage
component provided by the root systems (Figure 2.2) (Coutts, 1986), causing ‘pumping’,
or movement of the root plate <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>