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Abstract

Forest structure is the complex 3D arrangement of all components within the for-

est architecture. This includes stems, foliage, branches (the components of trees)

but also includes non-tree components such as understorey shrubs and herbs.

Understanding the structural components of forests is critical when considering

forest ecosystems. The structure of a forest can affect functional and compo-

sitional characteristics such as productivity and species richness with structure

being an important factor influencing animal-habitat associations. Structural

characteristics of forests include the size distribution and spatial organisation of

trees, and the horizontal and vertical density of objects within the understorey.

Trees are the dominant feature of any forest, but the understorey is also very

important when considering forest characteristics. Examining the links between

the spatial distribution of understorey material and ecological parameters, such

as diversity and productivity, has an important role in ecological studies.

There are multiple field survey techniques that can be applied when collecting

data for a forest survey. For a technique to be an effective survey tool it should

be readily quantifiable, repeatable, cost-effective, easily assessed, ecologically

meaningful and where possible not contain observer bias. Traditional methods

of forest survey are very common as they offer reliable, low cost estimations of

forest structural parameters such as diameter, height and understorey cover.

Recent developments within 3D data collection using terrestrial laser scanning

(TLS) have allowed foresters and ecologists to reproduce the structural parame-

ters collected during traditional forest surveys. These developments have shown

the usefulness of 3D data collection in assessing forest structure, but have fo-

cused on replicating existing forest metrics rather than developing new ones. For

TLS to reach its full potential within the field of forest ecology, new metrics and

indices need to be developed specifically for laser scan analysis.

This study developed and tested new methods of forest survey, concentrating on

understorey vegetation, using commercially available TLS. Results showed that

i



these new techniques can provide novel structural assessments of the understorey

layers of forests for use in forest ecology surveys, not available through traditional

methods.

Using a new index describing the vertical component of forest understorey, it

was shown how the relationship between deer browsing and forest structure can

be identified through feature extraction from laser scanning. The method de-

veloped required minimal manual processing and was applied to large data sets.

The structural changes between high and low deer density sites were also ob-

served through the creation of an understorey density profile. This method,

specifically targeted at the lower layers of the understorey, successfully identified

structural change at the decimetre level. Using microtopography estimates from

understorey point clouds it was shown how understorey complexity corresponded

with vegetation surfaces extracted through TLS. This suggests that correlation

between understorey structure (and therefore habitat type) and the microtopog-

raphy of vegetation surfaces may be used for detailed assessment of understorey

structural characteristics utilising TLS.

In addition to the development of novel analysis methods, new techniques for ac-

quiring TLS data of forest understorey were examined. The use of a standardised

methodology for temporal surveying, utilising a common digital terrain model

and fixed ground control, as developed here, provides a framework from which

further data can be acquired. This approach offers a relatively quick, efficient,

non-destructive assessment of temporal change within forests. A novel method

of forest survey utilising handheld mobile laser scanning (HMLS) was also tested,

showing its potential to complement static TLS surveying by providing increased

survey coverage and allowing point cloud processing to be considered for areas

which are otherwise difficult to access.
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Chapter 1

Introduction

1.1 Background and motivation

Forests are highly complex structures that are critically important across mul-

tiple ecosystems and are fundamental to our understanding of how global, re-

gional and local ecological processes work. At the present time forests account

for roughly 40% of Earth’s ice-free landmass and play a significant role in the

biogeochemical processes that regulate the exchanges between terrestrial ecosys-

tems and the atmosphere (Gonzalez et al., 2010). In addition to this forests

contain over 80% of Earth’s terrestrial species (Aerts and Honnay, 2011) and

as such are hugely important not only for environmental reasons but also for

human economic ones.

With the continuing decrease of forest habitats and resultant loss of biodiversity

that has been occurring in recent decades (Butchart et al., 2010; Aerts and Hon-

nay, 2011) the importance of understanding the complex structure of forests has

become ever more important. Particular interest has been shown in forest man-

agement practices and how human behaviour can affect forest interactions and

processes (Thompson et al., 2014). The importance of forests for maintaining

global biodiversity can be seen in the commitment of governments and organ-

isations to initiatives aimed at sustainable management of forest ecosystems

(Grayson and Maynard, 1997) and the accepted understanding that, through

better management practices, forest habitats and ecosystems can be maintained

(Maginnis and Sayer, 2013).

As the dangers associated with increased CO2 in the atmosphere brought on by

the burning of fossil fuels are realised, the importance of forests as a global carbon
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Chapter 1. Introduction

sink and their potential for carbon sequestration has also come to the fore (Pan

et al., 2011). This can be seen with the proposed introduction of climate change

mitigation strategies such as reduced emissions from deforestation and forest

degradation (REDD +) where carbon credits will be provided to developing

countries for the reduction of carbon emissions from deforestation and for the

enhancement of forest stocks (Thompson et al., 2014). Pimentel et al. (1997)

estimated the ‘damage avoided’ through carbon sequestration by forests to be

$135 billion per year.

Understanding that forests are of critical importance to global biodiversity and

that they also have a role in mitigating increasing carbon levels in the atmosphere

highlights the importance of surveying, analysing and understanding forest sys-

tems. Through improvements to existing survey methods and the introduction

of new ones, there is the potential to increase our ability to model how the com-

plex functions of forests operate at global, regional and local levels. From this it

may be possible to enhance the development of sustainable forest management

practices that deliver increased biodiversity whilst also allowing for improved

carbon mitigation. Examples of the development of such practices include the

German forest management policy where mono-specific forests are converted into

mixed stands that are species rich, producing forests that are environmentally

and economically more beneficial (Kenk and Guehne, 2001).

To deliver improvements to forest management practice, forest structure and how

it relates to ecosystem functions needs to be examined. Forest structure is the

complex 3D arrangement of all components within the forest architecture. This

includes stems, foliage, branches (the components of trees) but also includes

non-tree components such as understorey shrubs, herbs and epiphytes (plants

that grow on trees).

Whilst trees are the dominant feature of forests, non-tree components such as

understorey vegetation play an important role within forest ecosystems. Interac-

tions within the understorey can determine which plants will occupy the higher

strata of forests (overstorey composition) (Gilliam, 2007) and although the un-

derstorey may contain less biomass than tree components, the high turn over

of understorey biomass (annual change) affects belowground processes such as

decomposition and soil nutrients (Nilsson and Wardle, 2005).

Despite the importance of understorey communities to forest ecosystems, the

majority of forest surveys concentrate on the measurement of tree parameters

such as height and diameter, with Gonzalez et al. (2013) highlighting a lack

of research covering understorey vegetation. Hart and Chen (2006) state that
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even though boreal forest understorey is the most diverse component of bo-

real communities, it is the least understood. The importance of understanding

all components of forests, including the understorey, within a 3D framework is

therefore crucial when considering the function of forests and how they interact

with the environment.

The manipulation of geospatial data within a 3D framework such as a point

cloud (a set of data points representing the external surface of an object) or

surface model is a common method for the extraction and analysis of structural

components within multiple industries and research fields. These include con-

struction and civil engineering (Soni et al., 2014), design processing (Cabaleiro et

al., 2014), the entertainment industry (Mihalyi et al., 2015), geoscience (Hartzell

et al., 2014) and medicine (Welsh et al., 2014). The application of similar anal-

ysis and modelling methodologies across multiple disciplines, combined with the

recent reduction in cost of graphics hardware, has allowed for a rapid increase

in the use of these processes. As a result of this rapid uptake, 3D modelling and

feature extraction are now considered fundamental processing techniques across

a range of independent fields.

Forest science has not been excluded from this rapid expansion of 3D data anal-

ysis, with the modelling and extraction of features from forest point clouds being

a goal of forestry research over the last twenty years (Wulder et al., 2012). With

the advent of the first aerial laser scanning (ALS) systems in the 1990s (Ack-

ermann, 1999; Wehr and Lohr, 1999), early tests showed the suitability of this

technology for the determination of digital elevation models (DEM) over forested

regions (Kraus and Pfeifer, 1998; Axelsson, 2000). From these initial studies on

surface modelling the extraction of forest structural parameters from aerial data

sets soon followed.

Current techniques for the 3D processing of data from forest surveys are dom-

inated by aerial systems operating above the canopy at regional scales. These

ALS surveys have increased the ability to collect forest inventory data over large

areas with substantial cost savings (Hyyppä et al., 2012), but there is still a

need for permanent sample plots within forest sites for the calibration of aerial

acquired data (Hopkinson et al., 2013; Liang and Hyyppä, 2013; Hauglin et al.,

2014). In addition to the calibration of aerial data sets, there is also a need to

understand how forests operate across a range of scales beneath the canopy, such

as when examining understory microhabitats (Baraloto and Couteron, 2010) or

assessing understory structural diversity (Thomas et al., 1999; Barbier et al.,

2008). It is in these areas that ground-based survey techniques can play a piv-
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otal role.

Through the collection of point cloud data from beneath the canopy, terrestrial

laser scanning (TLS) systems have the ability not only to replicate existing forest

structural indices, but also allow for the development of new ones (Kint et al.,

2003; Pommerening, 2006). The potential of TLS for forest surveys can be seen

in the development and testing of bespoke laser scanning instruments solely for

the purpose of ground-based forest surveying. Examples of these bespoke lasers

scanning systems include the Echidna Validation Instrument (EVI) (Jupp et al.,

2009), Salford Advanced Laser Canopy Analyser (SALCA) (Gaulton et al., 2010)

and Dual-Wavelength Echidna Lidar (DWEL) (Douglas et al., 2012).

Newnham et al. (2015) suggested that for TLS to reach its full potential it

requires a re-think of vegetation surveys and their application across a wide

range of disciplines. For TLS to develop into the proven forest survey tool that

ALS has, it is suggested that all aspects of the survey process need to be re-

examined, from the collection of data to the processing and analysis of data,

from a forest ecology viewpoint.

This study aimed to assess the use of commercially available TLS instruments

for the purpose of characterising the structural properties of forest understorey.

The study can be considered as two different trial types examining: (1) novel

understorey feature extraction techniques using point cloud data sets (vertical

component, vertical density and horizontal cover); and (2) novel understorey

data collection and measurement techniques (temporal surveys and handheld

mobile laser scanning). The examination of handheld mobile laser scanning

(HMLS) in Chapter 8 of this thesis is modified from Ryding et al. (2015).

Data used in this study for the development of new feature extraction techniques

were collected as part of a British Trust for Ornithology (BTO) project examin-

ing the effects of changes in woodland structure on bird populations as a result

of deer browsing. Data were collected from lowland, broad-leaved woods across

England and Wales. For this reason the techniques developed were specifically

targeted at extracting metrics used to assess the effects of deer browsing in the

UK. However, although directed at deer browsing, these techniques also have the

potential to be used as new measurement tools providing information on under-

storey structure of relevance to general interest areas such as habitat mapping,

forest history, fire impact and threats.

Furthermore, although tested using data collected from temperate, broad-leaved

woods, the feature extraction techniques and data collection methods also have
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potential to be used across different forest types (such as boreal and tropical

forest) where there is a need to understand the role of understorey across multiple

forest ecosystems (Nilsson and Wardle, 2005).

The requirements for this study were driven by the need to effectively examine

understorey structure, beyond the levels commonly used in ecological surveys.

The BTO highlighted decimetre resolution of the understorey as being an im-

provement over traditional analysis methods (Fuller et al., 2014) where under-

storey vegetation is typically divided into coarse height bands. For this reason

processing was completed at 1 cm resolution, although lower resolution may well

be sufficient for other applications such as when examining the impact of fire on

understorey structure. Vegetation surfaces used for cover estimates in Chapter 6

were created at a lower resolution of 5 cm which reduced the processing time from

48 hours to 1 hour. In practice, researchers may need to consider the trade-off

between time and resolution, particularly for time-sensitive applications.

1.2 Aims and objectives

The main aim of this study was to assess the application of commercially avail-

able TLS instruments for the estimation of forest structural attributes used to

assess understorey vegetation, beyond those currently extracted from ALS and

TLS surveys.

It was proposed that through combining geospatial analysis and feature extrac-

tion techniques, forest understorey metrics of importance to ecologists could be

examined at a finer spatial scale than is currently available. Using this analy-

sis method the novel assessment of forest understorey structural attributes not

currently collected may also be possible.

Through the collection of TLS data from forest sites with varying deer density

levels, combined with the knowledge that high deer density can lead to the

suppression of recruitment and the simplification of forest structure at low levels,

it was proposed that deer density could be used as a proxy for structural change

within the understorey.

In order to meet this main aim, a number of subsidiary aims were set that are

covered in each of the subsequent chapters of this report. The subsidiary aims

were set to address the questions:

• (1) What are the traditional methods of conducting surveys within forests?

and (2) how have developments within remote sensing been used to extract
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forest structural parameters used in ecological studies?

• (1) Can TLS be used to extract the vertical components of the understorey

layers of forests effectively, with minimal manual processing, from large

data sets? and (2) to what extent does point occlusion affect the extraction

of the vertical component using TLS?

• (1) Can TLS be used for the estimation of the vertical distribution of

herbaceous layer vegetation? and (2) can heterogeneity of the horizontal

distribution of vegetation layers within plot sites be assessed using TLS?

• (1) Can TLS be used for the estimation of the horizontal distribution of

understorey vegetation cover within forest plots? and (2) are any novel

understorey measurements available?

• (1) Can TLS be used to measure temporal change within the understorey

for applications in forest ecology? (2) if so, what are the requirements

for understorey temporal surveying (work flows)? and (3) are any novel

temporal assessments available?

• (1) Can TLS measurements of forests be replicated using HMLS? (2) does

the use of HMLS provide any advantages in practical ease over TLS or

field survey methods? (3) are any novel measurements available? and (4)

what are the remaining challenges for the application of HMLS in forest

monitoring?

To achieve these aims a number of objectives were set:

• develop knowledge and understanding of current and historic forest survey

methods and limitations,

• develop a method for TLS surveys, directed at the understorey, within

forest sites,

• develop a method for the extraction of structural components from point

cloud data sets from which different forest understorey structural types

may be identified,

• develop a method for the estimation of vertical density within forest point

cloud data sets collected at low levels,

• develop a method for the estimation of understorey cover from point cloud

data sets,
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• develop a method and best practice guidelines for performing understorey

temporal surveys using TLS, and

• develop a method, with a list of current limitations, for the acquisition of

forest survey data using a handheld mobile laser scanner.

1.3 Thesis overview

Following the introduction, Chapter 2 provides a review of the extraction of for-

est structural attributes through surveying. This examines the current methods

for the measurement of forest structure including the components of forest struc-

ture and common measurement techniques. An overview of the current status

of TLS for extracting forest structural parameters is also given. The geospa-

tial manipulation of forest data is examined through descriptions of the current

methods for the extraction of forest features from point cloud data sets. Chapter

3 details survey methods and instrumentation. This chapter describes the sur-

vey methodology and motivation for the different trial sites and data sets used

in the study. Descriptions of the laser scan instruments used and their basic

operating principles are also provided. Chapter 4 examines the identification of

the vertical component within forests from TLS. This chapter introduces a novel

method for the classification of point returns based on vertical alignment from

which correlation can be seen between the vertical component of forest and deer

browsing levels. Chapter 5 introduces a method for the estimation of the ver-

tical density within the herbaceous layer through TLS. The analysis described

here examines the use of the MacArthur-Horn transformation to account for the

presence of laser scan point occlusion, building on methods currently used when

studying the canopy from ALS acquired data sets. Chapter 6 introduces a new

approach to understorey cover assessment using TLS. A novel analysis method

combining processing techniques from geomorphology allowing for the creation

of microtopographic surfaces describing understorey vegetation type is also pre-

sented. Chapter 7 highlights the use of TLS for assessment of temporal change

within forests. The metrics developed in previous chapters are tested against

temporal data sets to assess their application for change monitoring. Suggested

best practice guidelines for performing TLS temporal surveys examining under-

storey vegetation are also presented. Chapter 8 outlines the use of handheld

mobile laser scanning (HMLS) for forest surveys. This chapter describes a new

technique for the collection of point cloud data from a HMLS and its potential

for forest surveying. A trial site was surveyed using both a handheld and static
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instrument with the trial examining the accuracy of the two systems and the

potential benefits of using a handheld approach for forest surveying.
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Chapter 2

Review of methods for

extracting forest structural

attributes

2.1 Introduction

With forests being one of the most valuable sources of natural resources through-

out human history, the importance of trying to quantify a forest’s potential has

been understood for centuries. From timber reserves in the ancient Mediter-

ranean (Meiggs et al., 1982) to the development of forestry legislation in renais-

sance Venice (Appuhn, 2000) and the birth of modern governmental forestry

institutes in the nineteenth century (Östlund et al., 1997; LaBau, 2007), accu-

rate forest survey information has been a goal of consecutive generations, albeit

for different political and economic reasons.

The first forest surveys were simple timber inventories allowing for the value of

a forest to be assessed. Detailed survey designs were only implemented in the

1940s (Frayer and Furnival, 1999) and this can be thought of as the birth of

the modern forest survey. Advances in the field then saw forest surveys using

aerial photographs being introduced in the 1950s (Bickford, 1952). Finally, in

the latter half of the 20th and early 21st centuries, forest surveys embraced new

technologies with the introduction of satellite and aerial remote sensing providing

global and regional forest data sets and ground based remote sensing systems

providing a local perspective (Suárez et al., 2005; Bienert et al., 2006b).

Within the forest science community there is a distinction between forestry sur-
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veys and forest ecology surveys. Whilst both are concerned with the measure-

ment of forest structural attributes from which further properties can be assessed,

the final purpose differs. Forestry surveys are primarily aimed at the estimation

of timber, or more recently carbon stocks, within a given forest and can be

thought of as broadly describing a forest in human economic terms. A forest

ecology survey differs in that the purpose is to describe a forest in an ecological

sphere, such as through the assessment of biodiversity. Although both disciplines

share common methodologies and there is overlap between them, there is also a

clear difference in the aims of both of these survey types.

Alongside common forestry parameters such as tree diameter, stem density and

tree height, forest ecology surveys commonly collect additional structural param-

eters associated with non-tree features such as ground cover type, area of ground

cover and foliage density. Forest ecology surveys are still primarily conducted

using traditional estimation methods such as callipers, tape measures, cover

boards and clinometers, although modern technologies such as laser-relascopes

have become more common in recent years (McElhinny et al., 2005; Newton,

2007).

Whatever the method or purpose, the goal of forestry and forest ecology survey-

ing has always been to provide detailed information on the structural properties

of forests. These structural properties can then be used in further estimations

of forest parameters, an example being allometric relationships (the quantitative

relationship between key dimensions and other attributes) linking the diameter

of tree trunks measured at 1.3 m above ground, this measurement is known as

diameter at breast height (DBH), to biomass (Zianis and Mencuccini, 2004). In

this way field measurements of only a select number of attributes can be used

to build a more detailed overview of the forest.

The aim of this chapter is to address the questions: (1) what are the traditional

methods of conducting surveys within forests? and (2) how have developments

within remote sensing been used to extract forest structural parameters for eco-

logical studies?

2.2 Measuring forest structure

Within the field of forest ecology there are multiple characteristics that can be

used to measure rates of ecological processes and identify microhabitats present

within a forest ecosystem. These include functional characteristics such as pro-
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ductivity, or compositional characteristics like species richness, succession and

relative abundance (Dale and Beyeler, 2001). It is the structural characteristics

however, such as size distribution and spatial organisation of trees, that are con-

sidered the most crucial parameters for the assessment of forest processes and

habitats (Kint et al., 2008). Reasons for this include: (1) forest structure is

directly related to the habitats of many different animal and plant species and

is therefore convenient as an indicator of biodiversity; (2) forest structure is a

direct economic measure (e.g. wood production); and (3) structural attributes

can act as surrogates for functional and compositional characteristics. When

considering the practical assessment of forest ecosystems, perhaps the most fun-

damental reason for the use of structural parameters is that they are often easier

to measure than compositional or functional characteristics (Lindenmayer et al.,

2000).

Forests are highly complex, three-dimensional environments and their structural

characteristics can be considered at various hierarchical scales. From the land-

scape scale (kilometres) to the micro-structure of individual branches (decime-

tres), structural parameters are used to assess habitats and processes present

across all spatial scales of the forest ecosystem. The critical hierarchy can be

considered as the stand scale (a specific area uniform in species composition,

typically at the 0.1 to 1.0 ha scale), as it is here that the horizontal and verti-

cal positioning of woody structure and foliage combine to create micro-climatic

conditions within the canopy and understorey (Kuuluvainen et al., 1996).

Tree height and DBH are examples of well-established forest structural parame-

ters that constitute important measures when assessing a forest ecosystem. The

vertical arrangement of foliage, or foliage height diversity (FHD), is also often

used when describing forest structure (Wood et al., 2012). A traditional forest

survey may collect a selection of structural parameters such as tree height and

DBH, but it is unlikely that data on all available structural parameters will be

collected as this would be too time-consuming.

There are multiple field survey techniques that can be applied when collecting

data for a forest survey. For a technique to be an effective survey tool it should

be readily quantifiable, repeatable, cost-effective, easily assessed, ecologically

meaningful and where possible not contain observer bias (West, 2009).

Traditional field survey techniques for the measurement of forest structural pa-

rameters include callipers or measuring tape when estimating tree diameter, cli-

nometers when estimating tree height and cover boards when estimating FHD.

These field survey techniques have been widely applied over many years as they
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meet the criteria of being repeatable, cost-effective, easily assessed and provide

measures that are ecologically important.

With advances in technology over the previous decade a number of new methods

for the estimation of forest structural parameters have been tested. These in-

clude, but are not limited to: lidar (Popescu et al., 2011), imaging spectroscopy

(Kalacska et al., 2007), Synthetic Aperture Radar (SAR) and Interferometric

SAR (InSAR) (Hyde et al., 2007). Of these new technologies, lidar has been

shown to provide the required resolution in all three spatial dimensions needed

by ecologists and foresters for the successful extraction of structural parameters

(Seidel et al., 2011b).

The use of aerial laser scanning (ALS) and terrestrial laser scanning (TLS) for

the measurement of fundamental parameters of structure (DBH, position, etc.)

has been assessed in multiple studies (see Section 2.2.3). Up to this point studies

have focused on the canopy layer of forests with comparatively few dedicated to

the understorey and ground-level (Figure 2.1). It is the extraction of previously

difficult to estimate characteristics, such as those beneath the canopy, that offers

new and potentially exciting developments within the field. Lichti et al. (2002)

provide an overview of the fundamentals of lidar operation, systems and appli-

cations. Vauhkonen et al. (2014) provides a full description of the current status

of ALS for forest surveys. Liang et al. (2016) and Newnham et al. (2015) provide

accounts of the current status of TLS in forestry.

Figure 2.1: Overview of forest layers:

(A) canopy (Bi) understorey

(Bii) understorey: forest floor

2.2.1 The components of forest structure

A number of different forest attributes are measured by foresters and ecologists

to help characterise structure within forest stands. The structural attributes of

forest are listed in Table 2.1, grouped into the forest elements that they are used
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to describe (Figure 2.2).

Table 2.1: Forest structure: attributes used in characterisation (modified from

McElhinny et al., 2005)

Element Attribute

Tree diameter Tree DBH

DBH distribution

DBH diversity

Standard deviation of DBH

Tree height Height of overstorey

Standard deviation of tree height

Horizontal variation in height

Tree spacing Trees per hectare

Nearest neighbour indices

Foliage Foliage height diversity

Number of strata

Foliage density within different strata

Canopy cover Canopy cover

Gap size classes

Average gap size

Understorey vegetation Shrub cover

Shrub height

Total cover of understorey

Saplings per hectare

Within the literature on forest surveys, tree diameter is a fundamental measure

used for estimation of tree size and can be considered the most important pa-

rameter when characterising forest structure. The diameter of a tree is typically

taken as the diameter at a height of 1.3 m above the ground surface (DBH).

The use of DBH is generally quantified through measures of the mean DBH or

converted to basal area estimates within a plot. Another common value used

within the literature is the number of trees above a given diameter, known as
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Figure 2.2: Overview of forest structure:

elements (blue) and attributes (black)

the threshold diameter. Frequency distribution of DBH is also used. The mean

DBH of a plot site is directly linked to the basal area of the plot, which is also

related to stand volume and biomass (West, 2009). Tree diameter also has eco-

nomic importance in that it may be indicative of the worth of a tree. Variation

in diameter may also reflect competition within the stand and how trees grow in

relation to surrounding stems (Velázquez et al., 2016). Multiple studies have also

shown the relationships between tree diameter and tree height, with the mea-

surement of diameter being an established proxy for the structural attributes

associated with height (Buongiorno et al., 1994).

Tree height can be considered at the single tree level (such as when estimating

from DBH measurements), or across a stand (such as when estimating height

of the overstorey from remote sensing). Like diameter, height is an important

attribute when assessing forests, as variation in height can be an indicator of

other important factors such as age ranges and habitat diversity. Height can also

be used as an indicator of total wood volumes. Measuring the tallest trees within

a forest stand can also be used for the assessment of forest productive capacity,

an important measure when assessing how rapidly trees will grow (West, 2009).

The number of trees per hectare is a simple measure of the spacing of trees

within a plot that has been used to assess successional stages (how forests de-

velop over time) within forest (Spies and Franklin, 1991). Further descriptions

include spacing variation and clustering which can be used when assessing forest

processes like competition and regeneration (Svensson and Jeglum, 2001).

Foliage is an important measure when describing forest structure with the verti-

cal arrangement of foliage (FHD) showing strong correlation with avian diversity

(Tanabe et al., 2001; Lesak et al., 2011). This is interpreted as increased FHD
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causing an increase in niche space for birds (Müller et al., 2010). McElhinny

et al. (2005) notes however, that FHD is an ambiguous measure when assessing

forest structure as there is no established method for its measurement and that

a more straightforward approach is to characterise structure using canopy cover.

Canopy cover is a useful structural attribute to measure as it varies during

stand development and has been used as a component of forest structural indices

(Franklin et al., 2002). Canopy gaps are also indicative of changes in canopy

cover with the distribution of gaps being used to assess succession (Ziegler, 2000).

However, the usefulness of canopy cover as a structural attribute is limited by

the relative difficulty in its estimation, with the literature showing predominance

toward diameter and height measurements.

Understorey vegetation contains a number of measures that can be used to de-

scribe structure. Spies and Franklin (1991) list these as being: (1) cover of the

herbaceous layer; (2) density of shade tolerant saplings; (3) cover of decidu-

ous shrubs; (4) density of sub-canopy saplings; and (5) cover of all understorey

vegetation. Although understorey characteristics have been shown to influence

biodiversity within forests (Van Den Meersschaut, Vandekerkhove, et al., 2000),

the influence of canopy conditions on the understorey has meant the majority of

studies to date have focused on the canopy.

2.2.2 Common forest measurement techniques

Multiple field survey techniques for the measurement of forest structural pa-

rameters have been developed. These techniques can be broadly classified into

direct or indirect methods. Direct measurement involves contact between the

measured feature and the surveyor such as when measuring stem diameter with

a tape. Indirect measurement is the estimation of parameters without contact,

such as in the case of hemispherical photography of the canopy.

A further classification of survey method is destructive and non-destructive.

Destructive surveys require the target to be collected and removed from the plot

site such as litter traps for measuring leaf area index (LAI) or felling of trees for

measurement of total biomass. Non-destructive methods do not involve removal

of material from the survey site.

An overview of the common methods for the estimation of forest structural

parameters can be seen in Table 2.2.

Common forest survey techniques utilise simple equipment for direct measure-

ment, such as measuring tape and height poles. These techniques have been
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popular choices for foresters and ecologists over the last century due to their low

cost and ease of use. The development of optical instruments for survey work

allowed indirect assessment of forest structural parameters to be made. Instru-

ments used include cameras and relascopes which are also relatively cheap and

easy to use. With the introduction of optical devices came the creation of new

forest indices extracted from data collected through optical surveys, showing

how developments in technology have fed advances within the field.

In recent decades laser equipment has been developed that replicates many of

the direct and optical survey techniques in use. Examples include the laser

point quadrat and the laser relascope. These instruments are very useful tools

(although come at increased cost compared to optical devices) but have been

designed to replicate existing measuring techniques, not for the creation of new

ones.

2.2.3 The current status of TLS for forest surveys

The uptake of TLS for forest surveys has not been as rapid as for ALS and

although early trials showed promise, the technique has not yet replaced manual

measurement methods for plot-scale surveys (Newnham et al., 2015). The tech-

nique has however, been used in multiple trials for the estimation of a range of

forest parameters. An overview of studies examining the measurement of forest

structure using TLS can be seen in Table 2.3.
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Table 2.2: Overview of traditional methods for the estimation of forest

structural parameters

Technique Parameter Method Comments

Diameter tape diameter direct measurements taken to 1 mm

Dendrometer

bands

diameter direct for short term repeated mea-

surements of stem growth to

nearest 0.25 mm

Callipers diameter direct measures circular diameter

Relascope diameter

basal area

tree height

indirect used for preliminary assessment

of timber. Less accurate than

callipers or tape for diameter es-

timation

Measuring

pole

tree height direct measure to about 8 m

Clinometer tree height indirect accuracy commonly not better

than 0.5 m

Litter trap leaf area direct time consuming

Hemispherical

photography

leaf area indirect can underestimate leaf area in

dense canopies

Spherical

densiometer

canopy cover indirect can contain user bias

Point quadrat foliage density indirect easy to carry out, can underes-

timate density

Cover board vegetation den-

sity

indirect easy to carry out, can underes-

timate density

Sward stick vegetation

height

direct no significant bias
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Table 2.3: Forest structure: elements measured using TLS

Element Reference

Tree diameter Hopkinson et al. (2004), Thies and Spiecker (2004),

Bienert et al. (2006a), Bienert et al. (2007), Huang

et al. (2011), Pueschel et al. (2013), Pueschel et al.

(2013), Olofsson et al. (2014)

Tree height Hopkinson et al. (2004), Bienert et al. (2006a),

Garćıa et al. (2011), Huang et al. (2011), Olofsson

et al. (2014),

Tree spacing Hopkinson et al. (2004), Watt and Donoghue (2005),

Liang and Hyyppä (2013)

Foliage Hosoi and Omasa (2006), Jupp et al. (2009), Zhao

et al. (2011)

Canopy cover Garćıa et al. (2011), Zhao et al. (2011), Seidel et

al. (2012b), Hopkinson et al. (2013), Danson et al.

(2014)

Gap fraction Danson et al. (2007), Cifuentes et al. (2014)

Understorey vegetation Seidel et al. (2012a), Srinivasan et al. (2014)

Woody structure Méndez et al. (2014), Boudon et al. (2014)

Leaf modelling Magney et al. (2014), Béland et al. (2014b)
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2.3 Methods for the extraction of features

from point cloud data sets

The output from TLS surveys, using commonly available laser scanning instru-

ments, is a point cloud holding object information in the form of a Cartesian

coordinate (x, y, z) describing a position in 3D space. With modern TLS col-

lecting returns at up to 9.76 x 105 per second, a point cloud describing a forest

plot can easily contain millions of individual data points (Ryding et al., 2015).

From this point cloud it is then necessary to extract the desired information

from which forest structural parameters can be estimated.

Current extraction methods used for the estimation of forest structural param-

eters from point clouds can be characterised by three approaches: (1) geometric

modelling; (2) voxel based extraction; and (3) texture analysis. An overview

of these approaches is given as the required extraction method will determine

survey specifications and the final available outputs from the analysis.

Currently there are a limited number of software packages that are specifically

designed for the extraction of structural parameters from forest point clouds. The

software for forestry applications include Treemetrics (TreeMetrics, 2014) and

LiForest (Forest, 2014) which are principally used for the extraction of timber

volumes from point clouds collected in managed forest. At the present time there

are no commercial software primarily aimed at the field of forest ecology.

2.3.1 Geometric modelling

Geometric modelling (also known as surface fitting) involves the creation of

surfaces from points and is commonly used to create accurate models for dis-

tance/volumetric measurements such as in civil engineering projects (Tang et al.,

2010), reverse engineering in manufacturing (Durupt et al., 2008) and geological

analysis (Buckley et al., 2008). The technique was first used within forest stud-

ies to extract DBH estimations through shape recognition and circle fitting on

horizontal slices across point clouds (Simonse et al., 2003; Bienert et al., 2006a;

Bienert et al., 2006b; Bienert et al., 2007; Maas et al., 2008). These initial studies

highlighted the potential of TLS for the extraction of dendrometric parameters

and made it possible for the automated analysis of point cloud data sets (Dassot

et al., 2011).

The use of this method at different heights within the understorey and canopy

has been used to create stem profiles from which trees can be modelled from
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the base to the lower reaches of the crown (Henning and Radtke, 2006a) (Figure

2.3). Recent research has built on these studies to show how complete trees can

be reconstructed and modelled for total above ground volume estimates (Hack-

enberg et al., 2014). This estimation of woody content has multiple applications

from biomass estimations (Yu et al., 2013; Raumonen et al., 2013) to orchard

modelling (Méndez et al., 2014).

In addition to the estimation of woody structure, surface modelling has been used

to estimate canopy attributes such as crown leaf area index (Moorthy et al., 2008)

and crown volumes (Fernández-Sarŕıa et al., 2013a) from beneath the canopy.

Fernández-Sarŕıa et al. (2013a) highlights two methods for canopy volume esti-

mation: (1) a total canopy volume calculated as a convex-hull formed from the

point cloud; and (2) a volume accretion combining sections taken through the

canopy and modelled individually.

(a) Point cloud (b) Modelled stem

Figure 2.3: Example showing modelling of (a) point cloud

data into (b) stem profile using Leica Cyclone processing

software. The stem profile was generated manually using

subsections of data used to model cylinders which were then

combined into a single profile.

Through the use of automation in combination with modelling, point cloud data

sets can be used to extract forest indices through bespoke software and pro-

cessing. Hackenberg et al. (2014) present a semi-automated approach to stem

modelling (tree extraction and tree pre-processing were performed manually)

with outputs of stem parameters including: (1) tree height; (2) total above

ground volume; (3) stem volume; (4) DBH; (5) branch volume; and (6) crown

space occupation. In addition to traditional dendrometric parameters, Metz et

al. (2013) showed how using convex-hull modelling of tree crown shape could be
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used to improve the precision of models relating competition and growth within

the canopy.

Raumonen et al. (2013) presents the automatic extraction of precision tree mod-

els from laser scan data using surface modelling. In this work it states that the

advantages of such a modelling procedure is that it is comprehensive, precise,

compact, automatic and fast. Until very recently this was not possible due to

constraints (computer memory and processing time) with modelling large data

sets.

Common detection approaches for the production of accurate surface models

from point clouds include the Hough transform method and the Random Sample

Consensus (RANSAC) algorithm. Weber et al. (2010) provides a description of

surface reconstruction methods from point clouds.

2.3.2 Voxel based extraction

Voxel based extraction of features is when point cloud data sets are converted into

a 3D grid (voxel space) from which resultant grid properties can be extracted.

This form of analysis has been an important processing and extraction tool

across many fields within 3D data processing in recent years. Examples from

across different industries include Lehtomäki et al. (2016) using voxel geometry

for the processing of road and street environment point clouds and Maturana

and Scherer (2015) examining the detection of potentially obscured objects from

lidar data sets relevant to autonomous vehicles.

Voxel based analysis has also been used for the extraction of multiple forest struc-

tural parameters using TLS including the assessment of 3D forest canopy struc-

ture (Henning and Radtke, 2006b), leaf area distribution (Béland et al., 2014a),

volume estimations (Hosoi et al., 2013) and biomass calculation (Fernández-

Sarŕıa et al., 2013b). Voxel based extraction takes more computational time

than geometric modelling (Fernández-Sarŕıa et al., 2013a; Pathak et al., 2009)

and results can be affected by the defined voxel size and also sampling setup

(Cifuentes et al., 2014; Béland et al., 2014a). However, benefits of voxel based

extraction include attribute analysis of both geometry and neighbourhood rela-

tionships (Brolly et al., 2013). An example of this being how voxel based analysis

may be used to extract surface features from a point cloud (geometry), but it can

also provide details of the point counts within the voxels describing that surface

(neighbourhood analysis) and therefore can be used to assess point relationships

such as clustering.

21



Chapter 2. Review of methods for extracting forest structural
attributes

The extraction of forest structural parameters through voxel based extraction

involves the conversion of point cloud data sets into voxel-based 3D models

(Figure 2.4). This allows for the description of the scanned environment at

the resolution of the voxel element size. The limits of the point cloud and

the individual voxel size define the overall voxel space (Schilling et al., 2011).

Through the use of a fixed 3D grid each of the point returns within the point

cloud can be assigned to a voxel. The conversion of point returns into voxel

space can be achieved through use of the following equations:

vX = int

(
X −Xmin

∆vX

)
(2.1)

vY = int

(
Y − Ymin

∆vY

)
(2.2)

vZ = int

(
Z − Zmin

∆vZ

)
(2.3)

where (vX, vY, vZ) are the given voxel coordinates, int describes a function

of rounding to the nearest integer, (X,Y, Z) are the point return coordinates,

(Xmin, Ymin, Zmin) are the minimum limits of the point returns and (∆vX,∆vY,∆vZ)

are the dimensions for the voxel element (Hosoi and Omasa, 2006). Voxel grids

can then be assigned values to describe the number of point returns contained

within them.

(a) Point cloud (b) Voxel space

Figure 2.4: Example showing conversion of (a) point cloud

data into (b) 3D voxel space using ESRI Arcmap software.

Each voxel represents a 1 cm3 where a point return has been

identified.
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In addition to the point returns held within the point cloud dataset, the use

of ray-tracing within 3D voxel space allows additional geospatial data to be

extracted from the survey (McDaniel et al., 2012). This includes: (1) voxels

with no returns but that have beams passing through them - empty space; (2)

voxels with no returns due to shadowing by objects - occlusion; and (3) voxels

with no returns due to no information - unknown. Using these distinctions,

voxels can be classified into different types (Figure 2.5).

Figure 2.5: Example of how voxel analysis can be used to

classify voxel space into different types using ray tracing.

This can be used to highlight areas of potential point

occlusion or empty space.

With the 3D voxel space defined and values assigned to individual voxels it is

also possible to determine attributes for each individual voxel. Attributes can

be divided into statistical or point distribution types. Statistical attributes are

those such as number of returns and number of penetrations. Point distribution

attributes are those such as the central point, spread of return points within

voxel and standard deviation of the location of returns within a voxel (Bienert

et al., 2010).

2.3.3 Texture analysis

Texture analysis is the examination of surfaces from remotely sensed data. This

type of analysis has been used within a range of applications including mon-

itoring of coastal erosion (Rosser et al., 2005; Royán et al., 2014), assessing

pavement surface characteristics (Bitelli et al., 2012) and for studying inscribed

stone surfaces in archaeology (Spring and Peters, 2014).

Within the forest ecology literature texture analysis from point clouds is lim-
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ited when compared to geometric modelling and voxel based extraction. The

identification of tree species, which is a fundamental aspect of forest inventory

surveys (Dufrêne and Legendre, 1997), has been attempted using texture anal-

ysis from lidar, although current research shows significant differences between

field surveys and extraction of species from point clouds (Dassot et al., 2011).

Full waveform analysis of ALS data sets for species identification has also been

tested, with results showing the potential of this technique (Vaughn et al., 2012),

although work is still ongoing.

The application of species identification from TLS, however, has seen limited

success using texture analysis. Othmani et al. (2014) recently outlined a method

where geometric texture was used to estimate roughness measures from which

species could be classified correctly in approximately 88% of trees surveyed, but

further studies are needed.

2.4 Discussion

2.4.1 What are the traditional methods of conducting surveys

within forests?

The importance of forest surveys has been known for many years with the result

that there are multiple different methods for the estimation of forest structural

parameters. Traditional methods are still very common as they offer reliable,

low cost estimations.

Traditional field survey techniques offer direct measurement of forest structural

parameters such as using callipers or measuring tape when estimating tree diam-

eter, clinometers when estimating tree height and cover boards when estimating

FHD. The development of optical instruments for survey work has allowed indi-

rect assessment of forest structural parameters. With the introduction of optical

devices came the creation of new forest indices extracted from data collected

through optical surveys, showing how developments in technology have fed ad-

vances within the field.

In recent decades laser equipment has been developed that replicates many of

the direct and optical survey techniques in use. These laser instruments are very

useful tools but have been designed to replicate existing measuring techniques,

not for the creation of new ones.
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2.4.2 How have developments within remote sensing been used

to extract forest structural parameters used in ecological

studies?

Modern technological advances in ALS have brought great improvements to the

field of forestry in recent years, most notably the ability to collect regional forest

survey data that can be used for national forest inventory surveys at a greatly

reduced cost than was previously possible. Ground based TLS, however, has not

shown the same levels of uptake within the forestry or forest ecology communi-

ties, although it is suggested the potential is there.

What TLS systems provide is a very accurate, reliable, repeatable method for the

collection of dense point cloud information. At the present time forest ecology

research using TLS has primarily followed the replication of existing metrics. As

Newnham et al. (2015) notes, perhaps for TLS to reach its full potential it is

not the replication of existing metrics that should be investigated, but rather

the identification of new ones.

Multiple studies have shown that TLS can be used to replicate traditional den-

drometric parameters such as DBH and tree height, but if used for these applica-

tions the outputs still rely on allometric relationships for the detailed estimation

of biomass or total wood volume. Using TLS for the direct estimation of vol-

ume removes the need for allometric relationships and has the potential for more

accurate estimations.

If it is agreed that TLS has not reached its potential within the forestry commu-

nity for timber estimations and forest inventory surveys, then it should also be

accepted that it has barely registered within the forest ecology community. If

the research published within the field of TLS within forest surveying is viewed

as a whole, forest ecology applications are a minor component.

Those studies that have tested TLS for ecological surveys have commented on its

potential (Eitel et al., 2013; Davies and Asner, 2014; McMahon et al., 2015), but

again, these studies have tended to replicate existing metrics rather than explore

new ones. The aim of the present study was to assess TLS for estimating existing

metrics used within forest ecology, but also to examine new metrics and indices

currently unavailable to the forest ecologist. As it is the new metrics and indices,

only available through the collection of detailed 3D information, that may allow

TLS to reach its potential.

This study aims to build on previous research and describes new metrics and

indices for examining the forest understorey that may be extracted using TLS.
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This will be detailed in a number of different trials in the following chapters.

The next chapter outlines the survey specifications and instrumentation used

for the trials within this study and will provide a grounding and best practice

guidelines for any future TLS surveys within forest plots that are concerned with

understorey vegetation.
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Survey methodology and

instrumentation

3.1 Introduction

The design and implementation of a terrestrial laser scanning (TLS) survey in

a forest is of particular importance given the relationship between survey setup

and the final point cloud accuracy. Soudarissanane et al. (2011) present an

examination of the factors that influence the quality of laser scan results with

instrument mechanism, atmospheric conditions, object surface properties and

scan geometry being the four factors that have the largest impact on quality of

the final point cloud.

Given that TLS forest surveys are performed in varying atmospheric conditions

(seasonal variations, weather, variable light), collect returns from multiple object

surface types (stems, dry foliage, wet foliage, deadwood, etc.) and are performed

within a complex environment (uneven terrain, poor line-of-sight), forests present

a challenge for the successful collection of any accurate laser scan data.

There have been many previous studies examining the most effective applica-

tion of TLS within forests to make sure the survey output provides the required

coverage and accuracy (Bienert et al., 2006a; Pueschel et al., 2013; Pueschel,

2013; Cifuentes et al., 2014; Seidel et al., 2015). Using these studies, combined

with knowledge and experience gained in earlier trials as part of a masters the-

sis (Ryding, 2009), a best practice approach to TLS surveying in forests has

been developed that was used in the trials outlined here. This best practice ap-

proach can be considered when examining the understorey using the instruments
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described.

Multiple TLS surveys were conducted as part of this study with each having

been designed and implemented to help answer a particular research objective.

To reach these objectives 57 forest point clouds have been analysed with 475

individual laser scan setups utilising both static TLS and handheld mobile laser

scanning (HMLS) technology.

The first laser scan data set collected as part of this study provided 20,000

m2 of filtered, registered survey data. Such a large data set was possible as it

was collected as part of a Department for Environment, Food and Rural Affairs

(Defra) intensive study examining the effects of changing woodland structure on

bird populations in the UK caused by deer. This is referred to as the woodland

management and deer (WoodMAD) data set. Although funded by Defra, this

project was managed by the British Trust for Ornithology (BTO).

A second laser scan data set was also used for the trials that utilised a previously

constructed ecological survey plot. This allowed for the detailed examination and

comparison of survey methods through allowing replicable surveys to be designed

and carried out over a period of time.

Collecting laser scan data may not be enough on its own to provide a detailed,

accurate point cloud. In most cases single point clouds need some level of post-

processing to provide a final point cloud that can be used for analysis. Some

companies (such as GeoSlam) provide on-line data processing whereby the data

collected is uploaded to a server and returned as a complete point cloud (Ryding

et al., 2015). It is much more common however, for data processing to be com-

pleted in-house using instrument specific software. Processing methods outlined

in this study utilised both in-house and on-line data processing.

This chapter describes the instruments, test sites, survey designs and basic data

processing work flows for all of the trials outlined in the study. The work flows

described, including the novel use of HMLS, and can be used as a suggested best

practice guideline for any future TLS forest surveys examining the understorey.

In addition, more detailed, trial-specific processing methods have been outlined

in following chapters where necessary.

3.2 Instrumentation

A variety of different TLS types including time-of-flight, phase-based, single

return and multiple return are commercially available and they provide distinct
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advantages and disadvantages when considering collecting laser scan data within

a forest. Fröhlich and Mettenleiter (2004) and Pfeifer and Briese (2007) provide

a description of the different measurement and system configurations available.

Calders et al. (2014) discussed the advantages of multiple return scanners over

single return instruments in forest surveys, with multiple return scanners pro-

viding increased sampling at greater distance. However, there is an increased

cost associated with multiple return instruments however, with the majority of

commercially operated systems using a single return mechanism.

Two commercially available laser scan instruments were used during the trials

in this study: (1) the FARO focus 3D which is a standard survey grade TLS

instrument; and (2) the ZEB1 which is a HMLS, a recent development within

the field of ground-based laser scanning. Both instruments are at the lower end

of the cost scale for commercially available equipment.

Although cost was not the sole reason for choosing these instruments, economic

practicalities were considered when selecting the laser scan instruments to be

used. The aim of the trials outlined here was to assess TLS for forest ecology

surveys examining understorey vegetation. If a scanner provides excellent out-

put, but is not commercially available or is only available at a high cost, this

will impact on the likelihood of the method being adopted as a regular survey

tool, irrespective of the success of the survey method. As with many aspects of

forest survey there is always a trade-off between desired results and practicality.

3.2.1 The FARO Focus 3D

Static TLS data were acquired using a FARO Focus 3D (FARO Technologies

Inc., Lake Marry, USA) instrument. The instrument uses an infrared beam

operating at wavelength 1550 nm. The scanner is a phase-based, single (first)

return scanning instrument. Full technical details can be found in Appendix A.

The FARO Focus 3D is a commercially available TLS instrument that has been

designed for use in architecture or civil engineering projects. It is lightweight (5.2

kg) and small (24 x 20 x 10 cm) making it more appropriate for forest surveying

than some of the larger instruments currently available. The instrument has a

working range of up to 120 m and a maximum point collection of 9.76 x 105 per

second. For each point return XYZ coordinates and a reflectance value (intensity

of returning beam) are given. Using the internal colour camera RGB values for

each return can also be acquired.

The FARO Focus 3D instrument has also shown its potential for forest surveying
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in multiple previous trials (Dassot et al., 2011; Othmani et al., 2013; Seidel et al.,

2015).

3.2.2 The ZEB11

HMLS data were acquired using a ZEB1 (GeoSlam Ltd., Bingham, UK) instru-

ment. This novel system uses an infrared beam operating at 950 nm and has

primarily been used in mining and building surveys, with Ryding et al. (2015)

introducing the instrument for use in forests. Technical details can be found in

Appendix A.

Instead of using a Global Navigation Satellite System (GNSS) within the navi-

gation module, as is common within many MLS (Guan et al., 2015), the ZEB1

makes use of a technology taken from the robotics community, simultaneous

localisation and mapping (SLAM). The concept of SLAM is that a robot can

be placed in an unknown environment and has the ability to create a map and

then navigate to a particular destination. An introduction to the science can

be read in Durrant-Whyte and Bailey (2006) and Bailey and Durrant-Whyte

(2006). The mapping module of such technology forms the basis for use within

the ZEB1. The fact that the ZEB1 is lightweight (0.7 kg) and has no reliance

on GNSS makes it an ideal data capture method for inaccessible areas such as

under tree canopies and indoors (Thomson et al., 2013). James and Quinton

(2014) identified the significant advantages of the ZEB1 for the rapid survey of

complex topography, with expected survey times being 40 times quicker than

with a static TLS instrument. In the same study it was also concluded that even

with the limitations in data density and accuracy shown in the ZEB1 system,

its usefulness in difficult environments would make it a highly practical survey

solution.

The ZEB1 consists of a 2D laser scanner and low-cost inertial measuring unit

(IMU), both of which are positioned on top of a spring which has been designed

to have the resonant frequency of the average human gait (Bosse et al., 2012).

As the user carries the ZEB1 through the environment, the scanner head rocks

back and forth creating a 3D field of measurement with data being captured

at the speed of movement. The algorithm used to calculate the position of the

scanner head uses a moving time window of the trajectory data. As new data

is added the algorithm uses a linearised model to minimise the error in the

IMU measurements along with minimising the correspondences between the 3D

1Parts of this sub-section have been modified from Ryding et al. (2015)
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point cloud data for the respective time segment. The correspondences for the

3D point cloud are minimised using a technique similar to the iterative closest

point algorithm (Besl and McKay, 1992), but instead of solving for one rigid

transformation the solution is solving for a continuous trajectory (Bosse et al.,

2012). The final smoothed trajectory is used to compute the coordinates for the

full 3D point cloud. The ZEB1 converges on the best solution when the scanned

area contains many unique features which can be identifiable in consecutive rocks

of the scanner and when swath paths are less then 30 m apart.

The ZEB1 instrument works best where there is an enclosed survey environ-

ment (such as indoors) and where the surfaces are static (James and Quinton,

2014). Enclosed outdoor environments such as under tree canopies are therefore

sources of both static surfaces (large stems) and irregular surfaces (foliage, small

stems and understory), creating a challenging and potentially uncertain survey

environment.

3.3 Study sites

3.3.1 WoodMAD

Previous studies have shown that deer can influence the structure, composition

and ecosystem processes in forest sites where deer browsing is common (White,

2012). The structural changes brought about by deer browsing can then have

a detrimental effect on the preferred habitat of songbirds such as Blackcap,

Common Nightingale, Garden Warbler, Common Chiffchaff and Willow Warbler

(Gill and Fuller, 2007) and also greatly reduce tree regeneration, shrub cover and

plant reproduction (Frerker et al., 2014).

Previous studies examining the effects of deer browsing on forest structure have

used multiple methods of assessment. These include: cover boards to estimate

foliage density (Gill and Fuller, 2007); DBH measurements used to calculate

tree density (White, 2012); and understorey biomass collection to estimate the

resources sustaining deer populations (Saout et al., 2014). All of these studies

confirm that high levels of deer browsing reduce the low level growth seen within

forests. White (2012) showed that in forest where deer density is high, trees

were failing to regenerate due to saplings being removed through browsing. The

same study also highlighted how browsing patterns can influence structure, with

high deer density limiting recruitment into the sub-canopy layers and having the

effect of leaving the forest in a relatively open state.
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Through the collection of TLS data from forest sites with varying deer density

levels, combined with the knowledge that high deer density can lead to the

suppression of recruitment and the simplification of forest structure at low levels,

it was proposed that the extraction of forest structural parameters from TLS

data could be tested against expected structural properties brought about by

deer browsing.

As part of this project 40 intensive monitoring sites across the UK were chosen

as test plots for TLS. These test plots were chosen to cover two distinct deer

density groups: high and low deer density. Deer density was assessed by the

BTO using distance sampling (Buckland et al., 2000), and from observations of

deer at night using thermal imaging (Gill et al., 1997).

In addition to deer density, plots were also grouped into those which were man-

aged and unmanaged, allowing for assessment based on management practice,

with management practice for each site provided by the BTO.

Whilst deer density can affect woodland structure, there is no guarantee that

deer levels will be directly indicative of the structural properties of a forest (i.e.

deer may be present but not browse, or an open forest can be caused by other

factors such as disease). Limitations to this data set include the use of high and

low deer density sites that exhibit structural properties not associated with their

deer browsing levels.

The survey sites used in this study are also all of the same type (lowland, broad-

leaved woodland) meaning the relevance of the developed feature extraction and

data collection techniques may need examining in other UK forest types, such

as upland woods, pinewoods and wet woodlands. The relevance to boreal and

tropical forests will also need to be examined.

All laser scan data were collected in June 2012 with an average of two surveys

being carried out each day, dependent on distance between forest sites. The

BTO provided stand details within designated woodland sites for each of the 40

laser scan plot sites.

Location details, transect coordinates, transect bearing and plot maps for the

WoodMAD data set can be found in Appendix B.

3.3.2 Kirton Wood

Kirton Wood SSSI (GB grid ref: SK 707684), is a 46 ha semi-natural ash and

wych elm woodland managed by Nottinghamshire Wildlife Trust (Figure 3.1).
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Kirton Wood has been left to develop largely undisturbed since the 1930s and as

a consequence there is a uniformity of size of trees. Shrub communities include

field maple, hawthorn and hazel. Dense ground flora is also present throughout,

dominated by bramble, honeysuckle, goosegrass and dog’s mercury.

Within Kirton Wood an ecological survey area has previously been constructed

to allow continuing scientific studies at the site. The survey area measures 50 m

by 50 m and contains 25 subplots (10 x 10 m).

The survey area within Kirton wood is a complex forest site with poor access

and limited tracks. The site offers difficult conditions for TLS, as opposed to

the relatively open, easily accessible plantation sites commonly used for testing

TLS for forestry applications. The site therefore poses a rigorous test for laser

scanning in an environment common to ecological studies.

3.4 Survey design

3.4.1 Static TLS survey

Multiple previous studies have examined the most effective use of static TLS for

forest measurement (Bienert et al., 2006a; Pueschel et al., 2013; Pueschel, 2013;

Cifuentes et al., 2014; Seidel et al., 2015). From these previous studies, forest

TLS surveys can be considered in three categories: (1) single scan; (2) multiple

scan; and (3) multiple-single scan.

The single scan method is where a TLS instrument is positioned in the centre

of the area of interest and collects return information covering a full 360◦ in the

horizontal. This method allows for quick surveys but the final point cloud will

only contain point returns for surfaces in direct line of sight of a single scan

setup. The multiple scan method requires the scanning instrument to be moved

to different scan setup locations from where individual point clouds are acquired.

This method uses post-processing to merge the individual scans together (known

as scan registration) to produce a final point cloud. This method has the ad-

vantage of producing larger final point clouds, but does involve increased levels

of processing and requires a method for the accurate registration of individ-

ual scans. Registration is commonly performed through the use of survey scan

targets, although the use of these does increase survey time and can introduce

matching errors into the final point cloud. The multiple-single scan method uses

multiple scans but with the analysis of the data performed on each individually,

not as a single, registered point cloud.

33



Chapter 3. Survey methodology and instrumentation

Figure 3.1: Reserve map of Kirton Wood with test site location marked as red

square (map provided by Nottinghamshire Wildlife Trust)
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Pueschel et al. (2013) showed how for surveys in forests, accuracy of stem detec-

tion and volume estimates improves when using the multiple scan method. For

the trials outlined in this study all surveys were carried out using the multiple

scan method.

FARO Focus 3D data was collected at each survey location with a spatial resolu-

tion of 7.67 mm at 10 m. The scans covered a field of view 360◦ in the horizontal

and 305◦ in the vertical with full colour panoramic photographs obtained us-

ing the instrument’s internal camera, time permitting. Higher resolutions were

possible, but the chosen value allowed fast surveys that met the required data

resolution for the WoodMAD project (less than 10 mm at 13 m). The scanner

height varied with each site depending on ground vegetation, with a height close

to 1.3 m maintained where possible.

3.4.1.1 WoodMAD survey

The coordinates of the start point for each laser scan survey was selected before

the site was visited. The range of easting and northing coordinates within each

site were found and a single location identified by randomly selecting one easting

and one northing. This made sure that survey areas were not chosen for ease

of access. Each laser scan survey plot had dimensions of 10 m by 50 m. The

transect direction was determined on site by throwing a marker flag in the air,

the direction it landed was the direction of transect.

Within each survey, 11 individual instrument positions were used, combined

with a minimum of 9 targets to register the scans. If there was poor line of site

between scan setups and targets (often seen in sites with dense understorey),

further targets were used to make sure registration was successful. Scanner

setup and target locations were chosen to maximise field of view between scans.

A survey setup plan (based on experience from earlier trials) can be seen in

Figure 3.2, highlighting ideal locations for targets and scanners.

Each transect area was marked with twine and flags to ensure trampling was

kept to a minimum and survey targets could be positioned at optimum locations

for scan overlap (Figure 3.3).

3.4.1.2 Kirton wood survey

The laser scan surveys carried out at the Kirton Wood trial site followed the

same principles as used for the WoodMAD data collection including the use of

the multiple scan method, with the instrument positioned outside each area of
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Figure 3.2: Survey design showing setup (L) and target (t) locations.

(a) Marking out transect (b) Setting up targets

(c) Scan instrument and targets (d) Pre-survey checks

Figure 3.3: Photographs of forest laser scan survey procedure where each site

was first marked using string and flags (a). Targets were then positioned at the

optimum location (b), before scanner setup (c) and final checks (d).
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interest and a scanner height of 1.3 m used where possible.

At each subplot location three scans were obtained using the FARO Focus 3D.

Two large target spheres (Ø 0.1 m) were used for registration and also for geo-

referencing during temporal survey analysis (Chapter 7.4.3). Five smaller reg-

istration spheres (Ø 0.0725 m) were used to produce the known points needed

for point cloud registration. At each subplot a single target sphere was placed

in the centre of the area of interest with the second positioned 1.5 m outside the

subplot. The smaller registration spheres were distributed evenly outside the

subplot (but close to the boundary) to give line-of-sight to the scanner positions

and to maintain good geometric spread allowing for a more stable point cloud

registration. An idealised survey plan can be seen in figure 3.4.

Figure 3.4: Trial subplot survey design showing idealised setup and target

locations used at Kirton Wood.

3.4.2 HMLS survey

The range of the ZEB1 handheld scanner (as noted by the manufacturer) is

approximately 15 m when working outdoors. This equates to a maximum swath

distance of 30 m when designing a survey plan. With the reduction in line-of-

sight that is commonly encountered in forest, this maximum swath distance may

not provide adequate coverage due to occlusion caused by stems and branches.

Maximising the coverage whilst minimising survey time is a goal of survey design

and should allow for the most cost-effective use of the ZEB1 instrument.

All surveys started and ended at the same point allowing for a closed loop of

survey data. This followed the manufacturer’s guidelines for reducing errors in

the final registration. A steady walking speed was maintained throughout each

survey with the rocking of the scanner head being kept constant. This made

sure a similar density of points was collected with each rock of the scanner.

ZEB1 data was acquired with the user slowly walking across the plot site with
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Figure 3.5: Zeb1 handheld mobile laser scanner in operation for forest mapping

the instrument remaining at breast height throughout (Figure 3.5).

3.5 Scan registration

Scan registration is the process by which individual laser scans are combined

to provide a single point cloud where all points are within the same coordinate

reference system (CRS). Bornaz et al. (2003) provide a description of the process

of scan registration.

In the WoodMAD and Kirton wood surveys outlined above, registration was

performed using static, spherical targets that remained as fixed points between

adjacent scans. Although the use of scan targets is time-consuming they do

provide accurate registration results. Other methods for scan registration are

available for static TLS surveys but these commonly require planar surfaces

which are used as fixed points instead (Ripperda and Brenner, 2005). As planar

surfaces are not common within a forest, it was decided that fixed targets would

offer a practical solution for accurate scan registration.

All registration using the FARO Focus 3D data was performed in FARO Scene

software (Pueschel et al., 2013). This is proprietary software developed by FARO

for the main purpose of scan registration. The software has a grading mecha-

nism for registration whereby the relative locations of scan targets used during

registration are compared in adjacent scans. If the quality criterion are not met

(maximum of 15 mm baseline errors between target centroids) the software will

not allow registration to take place. In this way a minimum accuracy require-

ment for all of the FARO Focus 3D data was applied.
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All scan data acquired using the ZEB1 HMLS were registered remotely using the

GeoSlam servers. Data were uploaded to the server and registration performed

at a rate of 1:1 meaning a 15 minute survey would take 15 minutes to register.

Once registered, data were available to download from the server as a complete

point cloud.

3.6 Data processing

All laser scan data used in this trial were subject to some form of filtering before

the final point cloud was exported. Filters are commonly used to detect multiple

erroneous scan points as part of a standard laser scan survey. Erroneous points

are commonly caused by ambient radiation (atmospheric radiation with the same

wavelength as the lidar instrument that is identified as a likely point return) and

surface multi-path (when a point return is reflected from two surfaces before

hitting the sensor) and can be detected as outliers within the main point cloud

data set. A description of the detection, cause and methods for the successful

removal of point cloud outliers is given by Sotoodeh (2006).

To avoid the inclusion of likely outliers within a final point cloud FARO Scene

applies two default filters that remove points considered to be isolated (stray

points) and those with a weak return strength (dark points). In a similar way

the on-line point cloud processing used by GeoSlam for the ZEB1 applies filters

to make sure only valid point returns (as set by manufacturers parameters) are

exported in the final point cloud delivery.

In addition to the standard filters applied by the registration software, point

cloud decimation was carried out to a level of 1 cm3. Decimation is the struc-

tured re-sampling of point cloud data to produce a single return per voxel unit.

Through processing the point cloud in this way the varied point resolution seen

across the plot site, which is a result of the scanning geometry and data acquisi-

tion method (Soudarissanane et al., 2011), can be removed. This allows multiple

surveys to be assessed for point returns within the same spatial framework (i.e. a

single return for each 1 cm3 voxel). Decimation of point clouds often also results

in reduced processing times, as a consequence of the decreased quantity of data.

Using centimetre decimation resulted in considerably shortened processing time

(by a factor of ten) and it was felt that this processing advantage was greater

than having millimetric modelling accuracy. As with many aspects of forest

ecology surveys a trade off between speed and accuracy was made.

39



Chapter 3. Survey methodology and instrumentation

Furthermore, with the complexity of forests combined with the dynamics of

surveying outdoors (the effects of foliage movement due to wind, ambient solar

radiation increasing laser return noise and the presence of variable reflective

surfaces), it is questionable if millimetric accuracy is even possible in a TLS

forest survey. Pirotti et al. (2013) found that a tree stem modelling accuracy of

1 cm could be achieved through TLS in ideal survey conditions and with limited

undergrowth present, but these conditions are uncommon.

3.6.1 Correction to ground height

In addition to filtering and decimating the point cloud data sets, all data were

transformed from a scanner-centric vertical datum (how TLS measure height)

to one referencing ground surface. In this way all of the heights extracted from

the forest point clouds were consistent with traditional methods of forest ecology

surveys that use the ground surface as the vertical datum.

To achieve height above ground the first step was to create a digital terrain model

(DTM) from the point cloud data. This follows previous studies examining TLS

for forest surveys. Ashcroft et al. (2014) used the lowest point as recorded by

the scanner for each vertical grid to determine ground level following the method

outlined by Henning and Radtke (2006b). This method can be used to accurately

assess terrain, but Ashcroft et al. (2014) showed that dense understorey can

prevent beams reaching the ground surface and so overestimate the height of

the ground. The accuracy of the method also relies on the size of the grid used

to assess lowest point, with larger grids (5 m x 5 m) reducing the chance of

dense vegetation blocking the ground (causing height over-estimation), but also

increasing the likelihood that small-scale variations in ground surface would be

‘smoothed-over’.

In this trial DTM creation used a two stage process. A coarse surface model was

first created using horizontal grids of 3 m x 3 m. The lowest point in each grid

was then assigned as the ground surface and a triangulated irregular network

(TIN) created to describe the forest plot. TINs are vector based representations

of surfaces (based on a network of non-overlapping triangles, in this case created

using Delaunay triangulation) providing a variable distribution of points accu-

rately describing terrain. All heights from the scanner were then corrected to

this TIN surface. Following this a horizontal grid of 0.5 m was used to created

a DTM from the adjusted point cloud from which a second adjusted point cloud

was produced. The difference between the coarse DTM adjusted point cloud
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and the second, finer DTM was then examined manually for each site. Where

the finer DTM showed an increase in ground surface (over 5 cm) compared to

the coarse terrain model, this highlighted areas of potential over-estimation in

ground surface held within the finer-scale DTM. These areas were then visually

assessed and if dense vegetation was found, the lowest point as described by the

coarse DTM was used. In this way fine-scale terrain features within the 0.5 m

terrain model were maintained, whilst over-estimations of ground surface caused

by dense vegetation were highlighted and removed.

3.6.2 Development of scripts

After the initial registration of point clouds using instrument specific software,

all processing was completed using Python scripting developed for this trial. The

Python scripts utilised multiple libraries including Point Cloud Library, Arcpy

and the Geospatial Modelling Environment.

3.7 Discussion

The survey procedures presented here were designed specifically for the trials

outlined in this study and were carried out in lowland broad-leaved woodlands

of the UK. Trials were completed using a medium range (125 m) phase-based

instrument. The methods outlined represent a best practice guideline for the as-

sessment of understorey vegetation for this specific woodland type and scanning

instrument as they are based on a considerable amount of experience.

Forests pose a particular difficulty for TLS surveying due to their complicated

structure, difficult terrain and limited line-of-site. This is true of UK lowland

broad-leaved forest, but also of many different forest types globally. Although

the new methods presented here were designed for a specific forest type, the

application of these methods across different forests should be possible. One

example is how changes in understorey vegetation density and stem density be-

tween broad-leaved forest and boreal forest may result in a different optimal

distance between survey setups (grids of 10 m by 10 m outlined in Figure 3.2),

however, the overall survey design should stay the same.

There are also limitations to the FARO Focus 3D when considering its use for

forest surveying. As the FARO instrument uses a phase-based mechanism there

is an increase in the amount of ‘noise’ (stray points) seen in resultant point

clouds when compared against a time of flight instrument. These stray points are
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caused by ambient solar radiation and can increase when there is bright sunshine

or when scanning towards the sky. For this reason phase-based instruments may

not provide the detail necessary when surveying the canopy from the ground.

Phase-based instruments also typically have decreased range compared to time of

flight instruments, something that may impact their effectiveness when working

in open forests or examining tall canopy (over 20 metres).

The novel use of a HMLS instrument for forest surveying brings its own con-

sideration when planning a survey. Target spheres are not used in this method,

considerably reducing the time needed for a survey, but to make sure coverage is

maintained in the area of interest, thorough survey planning and ‘walking tracks’

should be designed before surveying begins. The design of these tracks will be

discussed more in Chapter 8.

Using the survey method outlined here for the WoodMAD data set, the following

chapter will explore a new structural attribute extracted from TLS data sets

through the creation of a vertical to non-vertical index.
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Chapter 4

Developing a new method for

estimating the vertical

component of forest

understorey using terrestrial

laser scanning

4.1 Introduction

Structural data collected beneath the forest canopy is used by ecologists to help

develop effective management and conservation strategies, with habitat structure

an influence on animal-habitat associations (Hunter, 1999; Davies and Asner,

2014; Bergner et al., 2015). Due to the difficulty in collecting data on the 3D

structural characteristics of forest using traditional ecological survey techniques,

forest ecological surveys have traditionally focused on 2D mapping of stem lo-

cations (e.g. Eichhorn, 2010) from which further spatial patterns, such as stem

clustering, can be calculated (Freeman and Ford, 2002).

The development of techniques for automating the extraction of features from

point cloud data, with classification based on geometric properties, is an im-

portant topic within remote sensing, photogrammetry and robotics. From the

extraction of building structures (Vanegas et al., 2012) to the detection of ob-

jects (Serna and Marcotegui, 2013) and the identification of curbstones or road

markings (Guan et al., 2014), point cloud interpretation based on geometric
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classification is a research field that is rapidly growing. Weinmann et al. (2015)

provides a detailed description of recent developments.

Previous studies have shown how terrestrial laser scanning (TLS) data can be

used to extract canopy structure through estimation of gap fraction (Cifuentes

et al., 2014), leaf area index (LAI) (Moorthy et al., 2008) and canopy heights

(Olofsson et al., 2014). Less dominant is work focused on how TLS can be used

to assess the rates of processes operating within forest systems, the distribu-

tion of microhabitats within them or the interactions between biotic and abiotic

components (Ashcroft et al., 2014).

Separately, Michel et al. (2008) successfully used vegetation density estimations

obtained through TLS data to link the structure of forest to the nesting habits

of two bird species; Yang et al. (2013b) combined thermal imaging with TLS

in forests for the study of bat flight behaviour; McMahon et al. (2015) showed

how a portable canopy lidar could be used to evaluate the relationship between

management history and canopy structure across several UK woodlands; and

Seidel et al. (2015) used TLS to determine attributes of tree growing space and

neighbourhood structure within forests. These studies highlighted the potential

for TLS in the measurement of 3D ecosystem structure, although currently this

potential has yet to be realised (Eitel et al., 2013).

Of the research currently published on TLS within forests (Chapter 2), the ma-

jority of studies have primarily tried to improve existing allometric relations,

such as those concerned with biomass estimations (Seidel et al., 2012a). In com-

parison, there are very few published studies showing the development of new

measures or indices for use within forest ecology surveys, an area where TLS may

be used to improve the collection of 3D ecological data and provide alternative

analysis methods when considering geospatial relationships within forest.

Previous research has examined the detailed extraction of features and parame-

ters using the accurate 3D modelling of individual trees (Hackenberg et al., 2014;

Boudon et al., 2014; Calders et al., 2015) providing precise estimates of biomass

and tree structure. These methods offer improvements in estimation accuracy

over the use of allometric relationships to determine biomass, although the meth-

ods can be labour intensive and time-consuming as they require individual trees

to be isolated from point cloud data sets.

With 40 individual point clouds covering 20,000 m2, the WoodMAD data set

posed difficulties in processing and feature extraction in that the methods devel-

oped had to be fully automated and relatively quick. The detailed assessment
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of individual tree 3D properties (using methods where each tree would require

manual extraction from the data set) did not represent a realistic approach to

extracting information over such a large data set. For efficiency and consistency

the work flow requirements were that the final outputs should be relevant to

forest ecologists, but also be produced with minimal manual processing and rel-

atively computationally light (e.g. a single plot could be processed on a standard

desktop computer in hours).

For TLS to reach its potential within forest ecology, all aspects of the survey

process need to be re-examined. Developing feature extraction methods for

components that can be used as surrogates for functional or compositional char-

acteristics would provide further advantages to the use of TLS for forest ecology

surveys. If traditional forest ecology surveys are dominated by those attributes

that are relatively easy to collect, have ecological meaning and are repeatable

(such as the collection of DBH using tape), TLS feature extraction should con-

centrate on those attributes that are difficult to collect using traditional methods,

but that are also ecologically important.

When assessing which geometric structures to extract from TLS surveys of

forests, how those structures affect further ecological attributes, such as the

availability of food, the provision of shelter or the availability of cover, should

guide the selection (i.e. how ecologically meaningful are they). This poses the

question, which geometric properties of forests have the most importance when

examining ecological attributes?

Tews et al. (2004) reviewed multiple publications between 1960-2003 and con-

cluded that the majority of studies found a positive correlation between habi-

tat heterogeneity and species diversity. While Zellweger et al. (2016) showed

that estimates of vegetation structure improved predictions of bird and butter-

fly species richness, with vegetation diversity associated with light availability,

food resources and shelter. Huang et al. (2014) also outlined the importance

of estimating 3D forest structure when predicting avian diversity, with height

heterogeneity an important supplement for habitat characterisation and richness

models of forest bird species. Whereas Muiruri et al. (2015) showed how bird

forage and predation rates were affected by tree species diversity at different spa-

tial scales within forests. These studies show the importance of spatial analyses

within forests and highlight how increasing the understanding of forest struc-

ture can help improve the understanding of animal-habitat associations. Using

TLS to estimate vegetation heterogeneity, combined with targeted feature ex-

traction, has the potential to play a pivotal role when considering how structural
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attributes affect composition and species diversity within forests.

There are multiple definitions of forest with a general definition being an area

of land dominated by trees or other woody vegetation. The Oxford Dictionary

(2016) provides a secondary definition of a forest as ‘a large number or dense

mass of vertical or tangled objects, i.e. a forest of high-rise apartments’. This

definition, although not ecological meaningful, does highlight that the vertical

arrangement of objects is important when considering the idea of a forest.

As trees are the dominant feature of forests the geometry of tree stems (and

more specifically their vertical component), and how this relates to other geo-

metric features within forests, has been suggested as a useful surrogate for the

heterogeneity of vegetation within forests.

The potential application of the vertical component to assess forest vegetation

can be seen when comparing different forest types. Firstly, a monoculture forest

in a relatively open state used for timber harvesting (with access for vehicles

and very little understorey), is expected to be dominated by the stems of trees

growing vertically and with few other geometric properties. This scenario can be

considered as exhibiting vertical dominance indicative of vegetation homogene-

ity. Secondly, an old growth forest showing high levels of heterogeneity, species

richness and with dense understorey would be expected to show dominance of

non-vertical components. The stems of the trees would still contain vertical ge-

ometry, but understorey vegetation, branches, foliage and other growth would

be expected to contain multiple other geometric features contributing to the

structural composition. In this case it is expected that the dominance of the

non-vertical component would be indicative of vegetation heterogeneity.

A comparison of forest type in relation to vertical component is shown in Fig-

ure 4.1, where two forest types are expected to exhibit different proportions of

vertical component.

Through using estimates of the vertical and non-vertical component, TLS sur-

veys may provide additional information on the compositional and functional

characteristics of forests not collected during traditional forest ecology surveys.

The metrics extracted may include the total value of the vertical component and

also values for the vertical component within distinct height bands. Figure 4.2

outlines how different forest types could be expected to exhibit unique levels of

vertical component with height, depending on their structural and compositional

characteristics.

Measurement gaps within point clouds (point occlusion) are a source of potential
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(a) Expected vertical dominance. (b) Expected non-vertical dominance

Figure 4.1: Forests dominated by tree stems (such as monoculture forests) are

expected to show vertical dominance (a). Mixed forests exhibiting increased

levels of ground vegetation are not expected to exhibiting vertical structural

dominance (b).

(a) Monoculture forest with no under-

storey vegetation.

(b) Monoculture forest with under-

storey vegetation.

(c) Mixed forest with high levels of under-

storey vegetation.

Figure 4.2: Monoculture forests with no understorey vegetation (a) would be

expected to show uniform levels of vertical dominance up to the start of the

canopy. Monoculture forests with understorey vegetation (b) would be expected

to show variation in structural component with height. Mixed forests with high

levels of understorey vegetation (c) would be expected to show uniform levels of

non-vertical dominance.
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error whenever using TLS in forests (Bienert et al., 2006a). Multiple scans help

to mitigate some of these errors (Cifuentes et al., 2014), but in a complicated

environment such as a forest, occlusion is likely to be present within any final

data set. It was noted by Béland et al. (2014a) that few studies have investigated

occlusion effects in TLS surveys of forest and that this remains a major challenge.

It is expected therefore, that occlusion will affect the success of any method for

the extraction of vertical component from forests.

The aims of this study were to address the questions: (1) Can TLS be used to

extract the vertical components of the understorey layers of forests effectively,

with minimal manual data processing, from large data sets? and (2) to what

extent does point occlusion affect the extraction of the vertical component using

TLS?

To achieve these aims, an objective was set to develop a method for the ex-

traction of vertical features from forest point cloud data sets, using automation

where possible and without time-consuming data processing. The effect of point

occlusion on this method was also considered.

It was expected that when extracting vertical features from forest plots, those

with high deer density would show a dominance of vertical (stem) material at low

levels in the forest. This is due to the fact that smaller saplings and understorey

growth would be removed through deer browsing. In contrast, forests with low

deer density were expected to show an increase in non-vertical material where

saplings and understorey growth can expand unimpeded by deer browsing habits.

4.2 Methods

To fulfil the trial objective a forest structural index derived from estimates of

vertical and non-vertical components was created. The structural index was

then tested against forest sites with known levels of deer browsing. Through

the collection of TLS data from forest sites with varying deer density levels,

combined with the knowledge that high deer density can lead to the suppression

of recruitment and the simplification of forest structure at low levels (White,

2012), the extraction of vertical components using TLS was tested.

This trial tested extraction techniques using classification of points based on

their vertical alignment within voxel space. It was expected that through the

gridding and voxelisation of data sets an assessment of individual points based

on their neighbourhood relationships could be made. Using this method, each
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point within a forest data set was assigned an attribute of either vertical or

non-vertical.

To assess the influence of occlusion at varying heights, point return counts

and voxel occupancy were compared across different height bands for surveyed

data sets (expected to contain occlusion) and simulated data sets (no occlu-

sions present). Using simulated data allowed for an ‘ideal’ point cloud to be

produced that could be used to model how point return numbers and voxel oc-

cupancy changes across different forest layers (understorey vegetation through

to canopy). It was expected that the difference between modelled data and sur-

veyed data may highlight areas where occlusion was having an adverse affect on

the collection of point returns.

4.2.1 Site descriptions

Three of the data sets collected from the WoodMAD survey plots were used in

this study for developing and testing work flows for the creation of a structural

index. The three forest point clouds were chosen to represent forests with iden-

tifiable management practices (managed, unmanaged) and deer density (high,

low). Plot details and characteristics for these three sites are listed in Table 4.1.

Data from all 40 BTO test sites were used once the analysis work flow had been

developed.

Table 4.1: Site descriptions provided by British Trust for Ornithology

Ampfield Wood Fridd Mathrafal West Blean and

Thornden Wood

Management managed managed unmanaged

Stand details oak 50 yrs oak, hawthorn mature oak, hazel

Deer density high low low

Area Weald Welsh Marches Kent

Date of survey 08/06/2012 27/06/2012 14/06/2012

Easting (BNG) 439678 311638 614275

Northing (BNG) 124506 310858 164133

Photographs showing the three survey test sites can be seen in Figure 4.3. The

plot view photographs were taken at a height of c. 1.5 m above the ground and

show a horizontal view through the site. The ground view photographs were

taken at a height of c. 1.0 m above the ground and show a representative area

of ground cover within the site.
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(a) Ampfield: plot view (b) Ampfield: ground view

(c) Ffridd Mathrafal: plot view (d) Ffridd Mathrafal: ground view

(e) West Blean and Thornden: plot view (f) West Blean and Thornden: ground

view

Figure 4.3: Photographs of woodland plot sites showing horizontal view

through transect and ground cover view.
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4.2.2 Laser scan data collection and preparation

The field survey point clouds processed for this trial were all collected, filtered

and registered using the procedures outlined in Chapter 3. See Figure 4.4 (a, b,

c) for point cloud visualisation.

4.2.3 Simulated data sets

In addition to field data collected as part of the WoodMAD project, forest

point cloud data sets were simulated to allow analysis and testing of the devel-

oped measures on data sets with known structural properties. A Python script

was developed to construct multiple simulations of the size and complexity re-

quired (within constraints), mimicking stems, foliage and unordered ground-level

growth (Figure 4.4 (d, e, f)).

The Python script randomly positioned a point within the plot area (the area

was 10 m x 30 m), this was taken as the centroid of the stem. A height and

maximum radius for the stem was then randomly chosen from between a mini-

mum and maximum value. The min/max values for stem radius and height were

changed with each iteration of the script to give different forest properties within

the simulation (i.e. tall thin trees, short wide trees or a combination). A mini-

mum stem radius was then randomly selected from between 1/3 and 2/3 of the

maximum stem radius, with the maximum radius describing the stem at ground

level and the minimum radius describing the top of the stem. The tree height

and min/max radius were then used to calculate the radius at 1 cm increments

(height bands) from 0 m up to the top of the stem. The script then created

points to describe a circle (the stem surface) within each 1 cm height band with

point spacing <1 cm. Using this method multiple circles were positioned on top

of each other to describe a tapering stem.

Each tree stem within a plot was then assigned a tree type (apple, mango, rubber

or walnut). Using tree canopy geometry data provided by Sinoquet et al. (2009)

the simulation then built a canopy model for each stem. The canopy model

included area and orientation information for each leaf contained within the tree

canopy geometry data set. The process was then repeated to create multiple

stem/canopy models used for testing.

With stems and foliage randomly positioned within each simulated plot site the

final task was the introduction of understorey vegetation. To achieve this, points

were randomly distributed within the lower levels of each plot up to a randomly

chosen maximum understorey height. This process did not replicate the structure
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of understorey vegetation, but it did provide unordered point returns indicative

of the non-vertical component that would allow the work flow for extraction of

vertical component to be tested.

To make sure the simulated and surveyed data sets contained similar point den-

sity, all simulated data sets were decimated to 1 cm3 as described in Chapter

3.

Although the simulated data sets were not representative of real forest (they lack

any branching structure) they allowed for the simple simulation of laser point

returns with height. All leaf and stem surfaces within the simulation data sets

were modelled, something that is not possible in a forest survey due to laser

occlusion.

In addition to x,y,z coordinates the simulation script also assigned each point

an attribute to define its type; vertical for stem points, and non-vertical for

canopy/ground-level points. Using this attribute the structural characteristics

of each simulated forest plot could be determined.

4.2.4 Data processing: development of structural index

A graphical representation of the initial steps of the processing work flow can be

seen in Figure 4.5. The first stage in data processing was to sub-divide the point

cloud data set into 10 cm vertical zones for analysis (referred to as height bands).

This was performed using a Python script that split forest point clouds based

on their height about ground (z value). Zoning was used to examine vertical

structural characteristics at the 10 cm scale and to isolate defined structural

regions such as ground cover and understorey. Zoning also allowed for smaller

sections of point returns to be analysed at a single time, this had the effect

of reducing the computational requirements and therefore increasing processing

speeds.

A height band depth of 10 cm was chosen after discussions with the BTO as

part of the initial WoodMAD survey design. BTO ecologists identified decimetre

analysis as an improvement on existing methods and as allowing detailed exami-

nation of vertical structure, particularly with reference to bird nesting patterns.

Height bands of 1 metre would be quicker to process than 10 cm bands, but

the identification of change in vertical structure would be much coarser and less

applicable to examining habitat changes within the understorey, with the maxi-

mum height of understorey occurring between 0.5 m and 2 m above the ground

(Gilliam, 2007).

52



Chapter 4. Developing a new method for estimating the vertical
component of forest understorey using terrestrial laser scanning

(a) Ampfield Wood (b) Ffridd Mathrafal

(c) West Blean and Thornden (d) Sim A: sparse large stems

(e) Sim B: moderate mixed stems (f) Sim C: dense thin stems

Figure 4.4: Showing visualisation of forest point cloud data sets used for

testing of methods, these include three trial sites (coloured by height) and three

simulated forest point clouds representing forest with different structural

properties. All forest sites are 10 m x 50 m in area. simulations are 10 m x 30 m.
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(a) Complete point cloud (b) Vertical slicing (c) Point density

calculation

(d) Extracted vertical component (e) Extracted non-vertical compo-

nent

Figure 4.5: Point cloud data processing work flow figures showing steps taken

using Python scripts for automation. The processing follows sub-figures a - e:

(a) initial point cloud; (b) slicing of point cloud into vertical height bands; (c)

the creation of point density values for each 10 cm height band; (d, e) the

extraction of the vertical and non-vertical component based on point density

values.
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The next stage of data processing was point density analysis to detect potential

vertical components. Working on each height band separately, every point was

assessed individually and the density of vertical points (referred to as point

density) within a defined search area (described by a rectangular prism covering

2 cm x 2 cm in the horizontal and 10 cm in the vertical) calculated. With

decimation being carried out at 1 cm3 the horizontal distance of 2 cm allowed

for a 1 cm search either side of the point. Each point return was then assigned

its point density as a fourth attribute, with the final output being a text file with

the format of the original file (x,y,z,pd). In this way height band point clouds

could be visualised and coloured based on their vertical point density.

The assessment of scan returns based on point density was used as point density

values can be indicative of vertical features when used in combination with small

search areas and restricted height bands (see Figure 4.6). A stem which is

vertical will provide point returns in each of the vertically adjacent voxels within

the point cloud. Figure 4.6a shows this as five voxels containing stem returns.

A stem growing off-vertical will provide returns in vertically adjacent voxels,

depending on how close to the vertical it is growing. Figure 4.6b shows this as

three voxels containing stem returns. A stem growing horizontally will provide

few vertically adjacent voxels within the point cloud, depending on the diameter

of the stem. Figure 4.6c shows this as a single voxel containing stem returns.

The point density value can therefore be representative of the vertical structure

within each search area.

(a) vertical (b) 45◦ (c) horizontal

Figure 4.6: Showing examples of vertical alignment within voxel space.

Shaded grid squares show voxels with point returns inside for: (a) vertical

objects - shown as five filled voxels; (b) objects at 45◦ - shown as three filled

voxels; and (c) horizontal objects - shown as one filled voxel.

The determination of the initial sub-classification of returns based on point den-

sity was an important step in the creation of a vertical to non-vertical index. If

the cut-off point between vertical and non-vertical was too low, the result would
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show bias toward non-vertical classification. Too high and the bias would be

toward vertical classification.

With the data processing parameters used here (of 10 cm in the vertical), a

point density value of 10 would mean partners in all neighbouring vertical voxels

and therefore a high likelihood of being a vertical component. In comparison, a

point density value of 1 would mean it was isolated from the neighbouring vertical

voxels and therefore had a high likelihood of being a non-vertical component.

Figure 4.7 shows a forest point cloud with point returns coloured by their vertical

point density value.

Figure 4.7: Forest point cloud coloured with point density values. the colour

ramp goes from low point density (green) to high point density (red).

A selection of cut-off points were chosen and tested for their suitability across the

three test data sets. After examining the resultant point clouds a cut-off point

of 4.0 was chosen to be indicative of vertical structure. The selection of a cut-off

point was a manual, iterative process whereby each of the three test sites were

examined and the most appropriate value found through visual inspection. The

cut-off point does not identify points that are confirmed as vertical structure.

Instead, the cut-off should be seen as the most appropriate point density value

from which vertical structural analysis can be performed. Some point returns

from foliage material may be classified as vertical and vertical stem material

may be classified as non-vertical. The overall classification cut-off was selected

to best represent where foliage is classified as non-vertical and stem material as
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vertical. Figure 4.8 shows a side view section through the Ampfield Wood data

set where the effect of different point density cut-off values can be seen.

Using the three trial sites, during work flow testing it was found that classifica-

tion based solely on vertical point density produced a bias towards non-vertical

material. This was especially apparent on the surfaces of stems where areas

of low point returns (caused by shadowing) were incorrectly classified as non-

vertical (less than four returns within a voxel column).

Knowing that vertical components are clustered (such as on the surface of a

stem), it was proposed that by using cluster analysis on the initial vertical clas-

sification, the assignment of vertical attribute could be refined.

With all point returns classified as vertical or non-vertical through vertical point

density analysis, the next stage of the analysis was to perform a kernel den-

sity estimation (KDE) for each height band. A KDE was used to estimate the

spatial distribution of vertical component across each height band. The KDE

was performed through ESRI Arcpy utilising the Spatial Analyst toolset. Using

this process a k-density raster grid was created that described the density of the

vertical component within each height band. The grid values within each raster

held the relative density of the vertical component for each 1 cm2 grid square.

The values for each raster grid were then applied to the original point data set.

Any points falling within a raster grid of greater than 750 (the fixed units of the

software being events per m2) were classified as vertical component (see Figure

4.9). The value of 750 was chosen through an iterative process of manual, visual

inspection.

The KDE step worked by classifying point returns as vertical, based on the

proximity of other vertical points, therefore helping to mitigate the occlusion

effects caused by branches, stems and foliage which may cause point density

values to fall below the cut-off point.

The next step in vertical and non-vertical analysis was the calculation of a ver-

tical to non-vertical index (VNVI):

vnvi =

(
Fcount

Tcount

)
−
(
Scount

Tcount

)
(4.1)

where Fcount is the count of non-vertical returns, Scount is the count of vertical

returns and Tcount is the total count of point returns. A value of −1 indicates

complete vertical dominance, a value of +1 complete non-vertical dominance. A

single stem growing in an open plot would be expected to give VNVI of near -1

(complete vertical dominance).
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(a) Point density values greater than or equal to 1.

(b) Point density values greater than or equal to 2.

(c) Point density values greater than or equal to 4.

(d) Point density values greater than or equal to 6.

(e) Point density values greater than or equal to 8.

Figure 4.8: Ampfield Wood side view (30 m section showing full vertical

profile), highlighting how different point density values can be used to isolate

point returns based on vertical structure.
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(a) All points describing the stem (b) Only points classified as vertical

through point density analysis

(c) K density surface created from vertical

points

(d) All points classified as vertical through

combined point density and kernel density

analysis

Figure 4.9: Initial raw point cloud data (a) is used to create a point density

value used for vertical classification, resulting in a point cloud containing only

vertical points (b). This data is used to create a k-density surface (c) that

describes the likely positioning of vertical component within a height band. This

surface is used to assign a further vertical attribute based on a combined point

density and k-density approach (d).
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Although the VNVI describes the vertical component, spatial distribution of

vertical component is also an important factor when examining forest structural

properties in relation to further ecologcial attributes. Assessment of spatial

distribution may also highlight plots where complicated structure may adversely

affect the creation of the VNVI.

Two forests may provide similar values for the vertical component, but this does

not mean they would have similar ecological attributes. A forest may exhibit

vertical dominance through the presence of large, single, tree stems such as in

a managed plantation forest. Whereas, a second forest may exhibit vertical

dominance through the presence of multiple smaller stems growing in clusters

such as in an Ash coppice forest (where stems are felled to allow multiple shoots

to grow from the same stump). Both may show the same levels of vertical

dominance, but it is the secondary values for spatial distribution of vertical

component that would be indicative of the presence of coppice. An example of

the expected relevance of spatial distribution can be seen in Figure 4.10.

(a) decreased cluster count. (b) increased cluster count due to coppice.

Figure 4.10: Spatial distribution within vertical component provides further

information of stand structural attributes relevant to forest ecology. Both plots

shown are expected to exhibit dominance of vertical component, with (a)

decreased vertical cluster count and (b) exhibiting increased vertical cluster

count due to presence of coppice.

The spatial distribution of point returns within each forest plot was assessed

using the clustering of vertical returns. This was carried out using the following

steps: (1) isolation of vertical point clusters; (2) calculation of cluster centroids;

(3) calculation of cluster radii; and (4) neighbour analysis on clusters.

The isolation of vertical point clusters was performed using the point cloud

library (PCL) (Aldoma et al., 2012). The Euclidean Cluster Extraction module

was used to identify clusters within individual height bands from which clustered

points were extracted. A cut-off point of 5 cm was used to define points within
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a cluster. The PCL module uses 3D clustering so it was felt that the 10 cm

vertical thickness of each height band would not influence the effectiveness of

the method as points would be analysed across both the horizontal and vertical.

With clusters isolated, the centroid and radius of each cluster were determined.

This was performed using the Standard Distance tool from the Spatial Statistics

library of Arcpy.

Using the centroid coordinate from each cluster, distances between clusters were

calculated using point distance processing. This was carried out using the

Geospatial Modelling Environment (GME) (Beyer, 2012) which utilises R within

a geospatial framework. From these analyses the mean distance between clusters

of vertical component and the mean radius of these clusters could be determined

for each height band.

A full work flow for the creation of a VNVI and cluster analysis can be seen in

Figure 4.11.

(a) Step 1: initial classification based on point density

(b) Step 2: classification based on density analysis

(c) Step 3: nearest neighbour analysis on clustered regions

Figure 4.11: Point cloud processing workflow diagram

To assess the likely affect of occlusion within the data set a voxel based assess-

ment similar to Béland et al. (2014a) was used. In this method the data set was

gridded using 10 cm3 and 1 m3 voxels (referred to as the target voxels) and two

metrics were calculated for each height band: (1) percentage of target voxels

within each height band that were occupied; and (2) the mean point returns

per target voxel, within those voxels where returns were present. Using these

metrics it was possible to assess how the penetration rate of the target voxels

changed with height.

The 1 m3 voxels allowed the general distribution of material within the site to
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be assessed and provided information on the extent of the area being surveyed.

It would be unlikely that shadowing would block out all laser returns from a

1 m3 volume so using the percentage of voxels with point returns inside was

expected be indicative of the spatial extent of material within the site, regardless

of shadowing. An example being how the lower levels of the understorey were

expected to show high levels of 1 m3 voxels with point returns, as this area

was expected to contain increased material giving rise to point returns. The

canopy would also be expected to show high levels of voxel penetration using 1

m3 volumes, although this may be reduced if there were dense lower levels of

foliage causing point occlusion within the upper parts of the canopy.

Mean point return counts within the 10 cm3 voxels were used to assess occlusion

on the distribution of point returns within height bands and provided information

on how point return numbers changed with distance from the laser scanner. Only

target voxels with returns inside were used, from which the mean point count

within was determined. It was expected that the mean point return counts within

voxels would be affected by forest structure with areas of forest containing stem

objects expected to provide more returns than those ares of foliage (due to stems

providing a surface where dense returns would be created). The mean return

count within the 10 cm3 target voxels was expected to decrease with distance

from the scanner location due to increased shadowing caused by branches, stems

and foliage. If no occlusion was present mean return count was expected to

remain roughly constant within zones such as the understorey and canopy.

A voxel based estimation method (where point returns are counted inside a set

target voxel) was chosen as this does not require entry and exit points (ray

tracing) from voxels to scanner location for individual laser pulses. This reduces

the computational requirements and time taken to perform analysis considerably.

With 11 scanner locations and plot sites of 10 x 50 m it was felt that ray tracing

for every point return would be too time-consuming to consider.

4.2.5 Analysis

Analysis was performed across the complete WoodMAD data set covering 40

survey sites.

The VNVI mean and standard deviation for each plot site were determined using

the VNVI values from height bands 50-190 cm above ground surface (referred

to as zone A) and for height bands 200-990 cm (referred to as zone B). Splitting

the analysis into two distinct height bands allowed assessment of the technique
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when considering zones where deer browsing was expected to be present (zone

A) and then further into the canopy (zone B). Data from 0 cm up to 40 cm were

removed from analysis for this trial as it was expected to show increased levels

of occlusion due to the presence of ground surface growth such as grass, ferns

and bramble. The limit of zone A was set at 190 cm as the study was assessing

the use of TLS for extraction of structural properties related to deer browsing.

Deer browsing was not expected to influence foliage/stem ratios above 2 m.

The original survey data were collected at a resolution of 7.67 mm at 10 m. This

represents a resolution of 10 mm at 13 m. As the data were decimated to 1 cm3

allowing voxel unit assessment, any point returns collected at a distance of more

than 13 m from the scanning instrument would show point spacing greater than

the decimation level (therefore adjacent voxels would not be expected to contain

returns). For this reason a maximum height of 10 m was used as a cut-off point

in zone B to make sure all data comparisons using voxel spacing were compared

against data sets where the point spacing was less than the voxel decimation.

Clustering estimations on vertical point returns were assessed using the mean

and standard deviation of the nearest neighbour and the mean and standard

deviation of the cluster diameter. Cluster counts and nearest neighbour distances

were calculated across zones A and B.

Profiles generated from the number of points classified as vertical were also

used as an independent test for the effectiveness of the method for extracting

VNVI. As all forests contain vertical component the total count of point returns

classified as vertical was not expected to change for high and low deer density

sites. It was the proportion of vertical material within a forest (at different height

bands) that was expected to change. An example being how two stems of the

same size, one with foliage and one without, would be expected to provide the

same number of points describing the vertical component (stem surface). The

difference in the stems would only be apparent when considering the proportion

of vertical to non-vertical material.

In addition to profiles using points classified as vertical, profiles using total return

counts for different deer densities and management practices were also generated.

It was expected that total point returns would be indicative of material present

within a forest height band, but would not be useful when estimating the struc-

tural differences between high and low deer density sites as geometric properties

are not taken into account. An example being how a coppice woodland with no

foliage would be expected to provide a high point count due to the presence of

multiple stems. A non-coppice forest with high levels of understorey vegetation
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and foliage would also be expected to provide a high number of point returns.

It was expected therefore, that point count on its own would not provide a

distinction between forests with different structural properties.

The total point return profiles acted as a further independent test that any

differences showing in VNVI between high and low deer density sites were due

to structural changes within the forests rather than raw point count differences.

All analysis schemes were assessed against the known characteristics for each

site (deer density and management practice).

4.3 Results

All results are for analysis across the complete set of 40 woodland plot sites.

Expanded results tables can be found in appendix C.1.

4.3.1 Vertical to non-vertical index

The VNVI extracted within zone A followed expectations that deer density would

show a positive relationship with VNVI. Across all height bands within zone A

the mean VNVI were lower for high deer density sites compared against low deer

density sites (Figure 4.12). This is indicative of high deer density sites having a

decrease in the amount of non-vertical component when compared against low

deer density sites. Looking at the mean VNVI values the difference between

mean VNVI values of high/low deer density sites was greatest at a height of 100

cm above the ground where the difference was approximately 0.6, or 30% of total

VNVI.

There is a slight increase in the mean VNVI across height bands when considering

managed plots against unmanaged plots, although the difference is not as clear

as for high/low deer density, with the maximum difference between means across

height bands being approximately 0.1, or 5% of total VNVI.

Of the forest sites analysed within zone A, 21 show a negative mean VNVI with

19 exhibiting positive mean values. The woodland sites exhibiting a negative

mean VNVI comprised 16 high deer density sites and 5 low deer density sites.

Those sites exhibiting a positive mean VNVI comprised 15 low deer density sites

and 4 high deer density sites. These results show that high deer density sites

are more likely to provide negative VNVI values compared with low deer density

sites, representing a tendency toward vertical dominance within the 50 cm to
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Figure 4.12: VNVI comparison for zone A showing mean and standard

deviation of VNVI within height bands for high/low deer density and

managed/unmanaged forest plots.

190 cm height band where deer densities are high.

Within zone B, 3 sites show a negative mean VNVI with 37 exhibiting positive

mean values. The woodland sites exhibiting a negative mean VNVI comprised

2 high deer density sites and 1 low deer density sites. Those sites exhibiting

a positive mean VNVI comprised 18 low deer density sites and 19 high deer

density sites. These results show that from 200 cm up to 990 cm there is a ten-

dency toward positive VNVI values, representative of dominance of non-vertical

components, within both high and low deer density plots.

Overall VNVI results (min, max and mean) for high/low and manged/unman-

aged sites are shown in Table 4.2. It was seen that deer density had a more

pronounced affect on the VNVI values than management practice, with man-

agement practice causing no clear difference between the resultant VNVI values.

This suggests that management practice may not be a contributor to changes

within vertical structure.

Within zone A high/low deer sites showed a difference in the mean of VNVI

of 0.395 and managed/unmanaged showed a difference in the mean of VNVI

of 0.096. Within zone B high/low deer sites showed a difference in the mean

of VNVI of 0.152 and managed/unmanaged showed a difference in the mean of

VNVI of 0.003.

Full results for each plot site within zone A can be found in Tables 4.3 and

4.4, grouped by deer density. From this it was seen that Wyre NNR 01 showed
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Table 4.2: Overall VNVI values across different deer density sites shows that

high deer density sites produce decreased VNVI values (min/max/mean)

compared to low deer density sites.

zone deer/management
overall VNVI values

min max mean

A

high deer -0.646 0.269 -0.296

low deer -0.065 0.347 0.099

managed -0.323 0.343 -0.053

unmanaged -0.391 0.270 -0.149

B

high deer -0.191 0.703 0.371

low deer 0.090 0.823 0.533

managed -0.002 0.745 0.450

unmanaged -0.103 0.783 0.453

the largest tendency toward vertical dominance with a mean VNVI of -0.73.

Ffridd Mathrafal 02 showed the largest tendency toward non-vertical dominance

with a mean VNVI of 0.32. The standard deviation of VNVI for individual plots

showed that Wyre NNR 03 contained the highest variation of VNVI between ver-

tical height bands (standard deviation of 0.62). In comparison, Ellenden Wood

showed the lowest variation of VNVI between vertical height bands (standard

deviation of 0.04).

Table 4.3: VNVI values for each plot site across high deer density sites within

height band 50-190 cm.

plot
VNVI values

min max mean std variance

Ampfield03 -0.62 0.38 -0.23 0.29 0.086

Ampfield04 -0.83 0.52 -0.23 0.38 0.147

Bentley03 -0.72 0.38 -0.24 0.33 0.112

Bentley04 -0.85 0.08 -0.48 0.31 0.093

Blackmoor -0.45 0.22 -0.09 0.22 0.050

Haughwood -0.18 0.64 0.12 0.26 0.069

Hound01 -0.50 -0.02 -0.33 0.15 0.023

Hound03 -0.92 -0.27 -0.69 0.18 0.031

Hound05 -0.25 0.44 0.01 0.19 0.038

Kingswood01 -0.21 0.40 0.17 0.22 0.047

Kingswood10 -0.58 0.28 -0.06 0.31 0.098

Langley02 -0.66 -0.10 -0.40 0.20 0.042

Langley05 -0.69 -0.01 -0.41 0.20 0.041

LeaPagets03 -0.65 0.20 -0.31 0.27 0.074

Romers -0.09 0.50 0.13 0.21 0.045

WyreMain01 -0.98 0.25 -0.70 0.40 0.158

WyreMain03 -0.90 0.35 -0.40 0.33 0.108

WyreMain04 -0.86 0.02 -0.51 0.33 0.112

WyreNNR01 -0.97 0.55 -0.73 0.43 0.186

WyreNNR03 -0.99 0.57 -0.54 0.62 0.387

The mean and standard deviation of VNVI within height bands across zone

66



Chapter 4. Developing a new method for estimating the vertical
component of forest understorey using terrestrial laser scanning

Table 4.4: VNVI values for each plot site across low deer density sites within

height band 50-190 cm.

plot
VNVI values

min max mean std variance

BigForest03 -0.18 0.43 0.08 0.17 0.028

BleanHomestall01 -0.28 0.26 -0.15 0.14 0.020

BleanHomestall04 -0.01 0.24 0.08 0.08 0.006

BleanHomestall06 -0.26 0.36 -0.06 0.17 0.028

EastBlean01 0.11 0.29 0.18 0.05 0.002

EastBlean03 -0.15 0.36 0.02 0.15 0.023

Eastridge01 0.10 0.46 0.26 0.11 0.012

Eastridge05 0.04 0.33 0.14 0.10 0.009

Ellenden -0.54 -0.37 -0.44 0.04 0.002

FfriddMathrafal02 0.17 0.48 0.32 0.10 0.010

FfriddMathrafal04 0.09 0.56 0.31 0.17 0.027

GwernDdu01 -0.37 0.41 -0.05 0.29 0.083

GwernDdu04 0.10 0.51 0.25 0.13 0.016

PoleLees02 -0.06 0.52 0.24 0.22 0.047

PoleLees05 -0.03 0.57 0.23 0.22 0.046

SpoutFigyn -0.16 0.32 -0.02 0.14 0.020

WestBlean01 0.07 0.39 0.18 0.09 0.007

WestBlean02 -0.00 0.31 0.12 0.10 0.010

WestBlean03 -0.05 0.23 0.10 0.08 0.007

WestBlean04 0.11 0.28 0.17 0.05 0.002

B are shown in Figure 4.13. Results for plot sites within zone B (minimum,

maximum, mean and standard deviation of VNVI) can be found in Appendix C.

For both deer density and management practice there is a increase of VNVI with

height within zone B, indicative of a movement toward non-vertical dominance

within the point cloud. High deer density sites show a reduction in the mean

of VNVI when compared against low deer density sites, with the difference in

VNVI remaining approximately 0.1 across zone B. No obvious difference can be

observed between VNVI for managed/unmanaged sites within zone B.

The number of point returns classified as vertical for high/low deer density sites

can be seen in Figure 4.14. It was seen that the mean was similar across all

height bands within both zones of analysis.

Total return counts can be seen in Figure 4.15. It was seen that total return

counts were similar with height across high/low deer density sites. This follows

expectations that total return count may not be indicative of vertical structural

change and that variations in VNVI are not caused by variations in total return

count.

VNVI profiles for high/low deer density sites are shown in Figure 4.16. It was

seen that high deer density plots show higher variations within VNVI than low
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Figure 4.13: VNVI comparison for 200 cm to 1000 cm above ground showing

mean and standard deviation of VNVI within height bands for high/low deer

density and managed/unmanaged forest plots.
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Figure 4.14: Mean and standard deviation of the number of point returns

classified as vertical across high and low deer density sites. Results are for zone

A (a) and zone B (b). The mean vertical component count values are similar for

both high and low deer density sites across both zones of analysis
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Figure 4.15: Mean and standard deviation of total return count across high

and low deer density sites for zone A (a) and zone B (b). The mean total return

count values are similar for both high and low deer density sites.

deer density plots. This is visible in the VNVI profiles and also in the overall

standard deviation of VNVI across zone A (Table 4.2). Overall standard devia-

tions of VNVI for high/low deer density sites are 0.293 and 0.129 respectively. In

comparison, the overall standard deviations of VNVI within managed/unman-

aged plots are similar with values of 0.206 and 0.216 respectively. VNVI profiles

for managed/unmanaged sites can be found in appendix C.1.

Results showing VNVI profiles for the simulated data sets can be seen in Figure

4.17. The raw data shows the true VNVI profile as determined through point

types (foliage or stem) when building the simulation. The processed data shows

the VNVI as extracted through the automated process. The results using sim-

ulated data show a tendency to underestimate VNVI which equates to a bias

toward classification of vertical component. It was seen that even with this bias

however, the automated process was successful in distinguishing between zones

of vertical and non-vertical dominance.

4.3.2 Vertical clusters and nearest neighbour distance

Overall results for vertical cluster count across zones A and B can be seen in

Table 4.5. Mean and standard deviation of vertical cluster count across height

bands within zone A for high/low deer and unmanaged/managed sites can be

seen in Figure 4.18.

The results for zone A show mean cluster counts of 62 and 97 for high and low
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Figure 4.16: VNVI profiles across zone A with sub-figures divided into high

(a) and low (b) deer density.
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Figure 4.17: Simulated data sets (S1, S2, S3) with VNVI profiles as extracted

from the automated process (a) and directly from the point attributes

describing stem and foliage (b). The automated process successfully identifies

change within vertical component, but does show a bias toward classification of

vertical component in areas of understorey and canopy material.

deer density sites respectively, with a difference in the mean of approximately 30

seen across the vertical height bands (Figure 4.18a). Across zone B the cluster

counts for high/low deer density sites reduces to 38 and 45 respectively. If

clusters of vertical component are taken as surrogates for stems, this suggests a

reduction in the number of stems seen within high deer density sites across both

zones, with the largest reduction apparent within zone A.

The results for managed/unmanaged sites show less variation with the mean

cluster count being 72 and 88 respectively across zone A. This reduces to 36 and

48 respectively for zone B.

Table 4.5: Overall values for vertical cluster count across all height bands in

each zone, split into deer density and management practice.

zone deer/management
overall cluster count values

min max mean

A

high deer 54 92 62

low deer 84 118 97

managed 59 105 72

unmanaged 77 105 88

B

high deer 20 59 38

low deer 20 87 45

managed 19 59 36

unmanaged 19 87 48

Overall results for nearest neighbour distances across zones A and B can be seen

in Table 4.6. Mean and standard deviation of nearest neighbour distances across
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Figure 4.18: Mean and standard deviations of vertical cluster count within

height bands (zone A) for high/low deer density and managed/unmanaged

forest plots.

height bands within zone A for high/low deer and unmanaged/managed sites

can be seen in Figure 4.19.

The results for zone A show mean nearest neighbour distances of 1.60 m and

1.07 m for high and low deer density sites respectively, with a mean difference

of approximately 0.5 m seen across the vertical height bands (Figure 4.19a).

Across zone B the mean nearest neighbour distances for high/low deer density

sites increase to 1.98 m and 1.96 m respectively. If mean nearest neighbour

distances are taken as a surrogate for nearest distance between stems, then the

results suggest stems are generally closer together in sites with low deer density.

This is to be expected as the total number of vertical clusters increases in low

deer density sites (Table 4.5), resulting in more stems per plot site with the

consequence that the distance between clusters would be expected to decrease.

Table 4.6: Overall values for nearest neighbour distance across all height bands

in each zone, split into deer density and management practice.

zone deer/management
overall nearest neighbour distance (m)

min max mean

A

high deer 1.11 1.87 1.60

low deer 0.94 1.18 1.07

managed 1.02 1.53 1.37

unmanaged 1.04 1.47 1.30

B

high deer 1.51 4.03 1.98

low deer 1.16 5.41 1.96

managed 1.41 5.06 2.10

unmanaged 1.36 4.23 1.84
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Figure 4.19: Mean and standard deviations of nearest neighbour distance

within height bands (zone A) for high/low deer density and

managed/unmanaged forest plots.

The mean cluster count and nearest neighbour distance for individual plot sites

(grouped into high/low deer density) can be seen in Table 4.7. From these results

it was seen that the largest cluster count was at Ellenden Wood (188) and the

lowest cluster count was at Wyre NNR 01 (23). The largest distance to nearest

neighbour was seen at Bentley 03 (2.82 m) and the shortest distance to nearest

neighbour at Ellenden Wood (0.68 m)

Height profiles showing the results for vertical cluster count and nearest neigh-

bour distance from the simulated data sets can be seen in Figure 4.20. The results

show that the automated extraction method successfully identified the individ-

ual stems from each of the simulated data sets as individual clusters within the

understorey layers. This corresponded to 3 stems in simulation one, 11 stems in

simulation two and 48 stems in simulation three. Where the canopy started the

cluster count increased and did not match the actual number of stems. This was

due to canopy material being incorrectly classified as vertical component and

therefore leading to an increase in the subsequent cluster count.

The automated method also successfully extracted nearest neighbour distances,

with distance to nearest neighbour remaining relatively constant up to the lower

canopy. A stepped decrease in mean nearest neighbour distance of approximately

75 cm was seen in simulation two at a height of approximately 1 m. Within the

canopy nearest neighbour distances fell across all three simulated data sets, this

corresponds to the increase in cluster count seen and is a consequence of dense

canopy material being incorrectly classified as vertical component.
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Table 4.7: Mean vertical cluster count and mean nearest neighbour distance

for each plot calculated across all height bands within zone A, presented

grouped into high/low deer density sites.

high deer density low deer density

plot mean

cluster

count

mean

nearest

neighbour

distance

(m)

plot mean

cluster

count

mean

nearest

neighbour

distance

(m)

Ampfield03 48 1.62 BigForest03 105 1.02

Ampfield04 36 2.08 BleanHomestall01 132 0.92

Bentley03 28 2.82 BleanHomestall04 111 0.98

Bentley04 32 2.12 BleanHomestall06 97 0.95

Blackmoor 57 1.15 EastBlean01 122 0.80

Haughwood 46 1.30 EastBlean03 121 1.08

Hound01 150 0.81 Eastridge01 90 1.15

Hound03 37 2.17 Eastridge05 97 1.09

Hound05 48 1.38 Ellenden 188 0.68

Kingswood01 47 1.60 FfriddMathrafal02 92 1.02

Kingswood10 105 1.06 FfriddMathrafal04 66 1.35

Langley02 63 1.19 GwernDdu01 62 1.35

Langley05 89 1.25 GwernDdu04 92 1.02

LeaPagets03 76 1.04 PoleLees02 49 1.55

Romers 107 0.94 PoleLees05 77 1.09

WyreMain01 43 2.18 SpoutFigyn 72 1.31

WyreMain03 39 1.31 WestBlean01 70 1.21

WyreMain04 123 1.08 WestBlean02 108 0.96

WyreNNR01 23 2.45 WestBlean03 101 0.97

WyreNNR03 42 2.54 WestBlean04 93 0.98

4.3.3 Point occlusion

Results for the assessment of the effects of occlusion with height can be seen in

Figures 4.21 and 4.22.

Using the 1 m3 voxels the results from the simulated data sets (Figure 4.21a)

show 100% voxel occupancy at ground level (this is expected as the ground

should provide 100% coverage) with a drop to between 5 and 18% occupancy at

1 to 2 m above the ground. This represents the understorey zone where only

stem material is present. Where the canopy begins in each simulation, the voxel

occupancy increases in response to foliage material present.

In comparison, the data from high/low deer density sites (Figure 4.21b) show

voxel occupancy of approximately 80% at ground level. This then drops to

between 10 and 25% occupancy at 1 m above the ground before rising again to

between 20 and 30% occupancy at a height of 4 m. For both high and low deer

desnity sites the maximum voxel occupancy (not including ground level) is seen

74



Chapter 4. Developing a new method for estimating the vertical
component of forest understorey using terrestrial laser scanning

0 50 100 150 200 250

Cluster count
0

200

400

600

800

1000

H
e
ig

h
t 

(c
m

)

S1 S2 S3

(a) Vertical cluster count

0 1 2 3 4 5 6 7 8

Nearest neighbour (m)
0

200

400

600

800

1000

H
e
ig

h
t 

(c
m

)

S1 S2 S3

(b) Vertical clusters nearest neighbour

Figure 4.20: Simulated data sets show how vertical component cluster count

and nearest neighbour assessment can be used to extract forest spatial

attributes, beneath the canopy. Simulation 1 (S1) comprised three large stems

approximately 8 m apart with very low understorey vegetation. Simulation 2

(S2) comprised 11 mixed diameter stems approximately 4 m apart with low

understorey vegetation. Simulation 3 (S3) comprised 48 densely packed, small

diameter stems with increased levels of understorey vegetation.

at 4 m above the ground. From 4 m upwards voxel occupancy drops.

These results show a similar distribution of voxel occupancy for the simulated

and surveyed data sets, up to a height of approximately 4 m. Above this height

the simulated data sets show an increase in voxel occupancy up into the canopy.

In contrast the surveyed data sets show a decrease in voxel occupancy, even

though it would be expected that material volumes would actually be increasing

due to the presence of increased branches and foliage within the canopy.

With the 10 cm3 voxel analysis the simulated data sets show a relationship be-

tween mean point returns per target voxel and vegetation layer (Figure 4.22a).

Here it was seen that ground level layers with stems and random points provide

a low mean point return per voxel. In the height bands where only stems are

present, the mean point return per voxel increases, indicative of the high den-

sity of points describing the surface of each stem. Where the canopy begins,

mean point returns per voxel falls due to an increase in the number of voxels

with foliage point returns and a less dense distribution of points. This follows

expectations that with no shadowing within a point cloud, the density of returns

within a voxel will be related to the components present within the forest.

The surveyed data sets (Figure 4.22b) from high deer sites show an increase in

mean point returns per voxel at a height of approximately 1 m above the ground,

this is similar to the increase observed in the simulated data sets when ground
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level growth gave way to height bands with only stem material. At 2 m above

the ground both high and low deer density sites show a steady decrease in mean

point returns per voxel from approximately 30% at 2 m to approximately 25%

at 10 m, with very little variation observed.
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Figure 4.21: The area within each height band with 1 m3 voxels providing

point returns offers an assessment of occlusion levels within the data set. The

simulated data (a) show 100% coverage at ground level and then peaks again

within the canopy. The high/low deer density sites show 80 % coverage at

ground level, but voxel penetration rates then peak at 4 m above the ground,

with penetration rates falling into the canopy.
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Figure 4.22: The mean count within each 10 cm3 voxel containing a return

provides information on the distribution of returns within height bands.
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4.4 Discussion

4.4.1 Can TLS be used to extract the vertical components of

the understorey layers of forests effectively, with minimal

manual processing, from large data sets?

Using the methods developed for VNVI extraction, TLS was used to successfully

extract the vertical components of forest plots. The method presented here

required minimal manual data processing and was applied to large data sets.

Differences in vertical to non-vertical index extracted through TLS were seen

within results grouped by deer density. Where deer browsing levels were high,

non-vertical material was reduced and where deer browsing was low, non-vertical

material was increased in the understorey. The results also show that vertical

component and total point returns remain similar regardless of deer density. This

suggests that the presence of deer in forests results in a reduction in the amount

of non-vertical material, rather than an increase in the total amount of vertical

material. If vertical and non-vertical components are taken as surrogates for

stem and foliage material, the results follow expectations, and previous studies

i.e. White (2012), that deer browsing can lead to reduced understorey growth

in forests.

Using this method allowed for identification of patterns within the vertical struc-

ture of forests related to deer browsing for 10 cm height bands. The differences

in VNVI between high and low deer density sites were most evident from ap-

proximately 60 cm to 160 cm above the ground. This offers an improvement over

existing studies examining deer browsing by allowing the effects of deer browsing

to be assessed to 10 cm (an example being how the largest difference in VNVI

between high/low deer density plots was found to be at 100 cm). Boulanger

et al. (2015) used four vegetation height bands (up to 50 cm, shrubs 50 cm to

2 m, shrubs over 2 m and trees) to assess the effects of deer browsing meaning

change could only be assessed between these layers, not within them. Rooney

and Waller (2003) used a single height band of 30-200 cm and counted numbers

of sugar maple twigs within this layer to assess the effect of browsing. Again,

this method only provided information on a single height band 170 cm deep.

These methods are proven and understandable, as surveying stems in 10 cm

height bands using traditional methods would be very time-consuming, but it

does highlight the additional analysis benefits that using TLS combined with

extraction of VNVI can bring to a forest survey.
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Although VNVI is not a direct indicator of deer presence (multiple processes

can lead to the same structural properties), the results support the use of TLS

derived point clouds for the extraction of forest structural properties for use in

forest ecology studies. This trial has highlighted the possible use of VNVI to

detect structural differences in forest plots related to vertical component.

With the TLS derived point clouds from the WoodMAD project showing a link

between VNVI and deer browsing levels, it is suggested that VNVI may provide

information on additional habitat-animal associations, such as how fine scale

structural changes (such as those seen across 10 cm height bands) may affect

the availability of food or shelter within distinct vertical layers of a forest. This

would allow analysis of forest plots beyond that currently undertaken during

traditional forest ecology surveys.

An example is how the variation of VNVI within vertical height bands between

0.5 m and 2.0 m may be indicative of the homogeneity of vertical structure.

Those plots where the standard deviation of VNVI is low would suggest that

relative levels of stem and foliage remain similar with height. Alternatively, a

high value for standard deviation of VNVI may identify plots where foliage and

stem levels vary within the vertical layers, indicative of structural heterogeneity.

This has the potential to offer a novel approach to forest surveying through

allowing the structural attributes (and therefore heterogeneity) of a forest plot

to be assessed in 10 cm layers. This provides improvements over existing methods

for the estimation of heterogeneity where it is common to use just 4 strata (<1

m, 1-3 m, 3-10 m, 10-20 m and ≥20 m) from which heterogeneity of vertical

component is assessed, e.g. Larrieu et al. (2015).

The relationship between standard deviation of VNVI and vertical structure can

be seen in the results for Ellenden and Wyre NNR 03, where the standard devi-

ation of VNVI within zone A was 0.04 and 0.62 respectively. This difference in

standard deviation suggests sites where the heterogeneity of vertical structure is

different. Looking at Figure 4.23 this can be seen in the plot photographs where

Wyre NNR 03 contains an increased amount of lower level growth compared to

Ellended wood, causing an increase in the standard deviation across the verti-

cal height bands. This difference is also seen in the VNVI profiles for zone A

(Figure 4.16), where Wyre NNR 03 shows a very large decrease in VNVI from

approximately 75 cm to 100 cm. In comparison the Ellenden profile shows a

near constant VNVI value from 50 cm up to 200 cm.

This interpretation of point cloud derived structural parameters has the poten-

tial to be used to improve the understanding of relationships between forest
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(a) Ellenden Wood (b) Wyre NNR 03

Figure 4.23: Showing plots where the mean of VNVI and variance of VNVI

are (a) -0.44 and 0.00 - indicating dominance of vertical structure that is

homogeneous within the vertical and (b) -0.54 and 0.39 indicating dominance of

vertical structure but variation within the vertical layers

structural attributes and ecosystem functions. Using the previous example, the

VNVI method highlighted a sudden structural change between 75 cm and 100

cm within Wyre NNR 03. This identified a 25 cm layer where vertical struc-

tural change occurred, i.e. the transition from height bands containing both

understorey vegetation and stems, to height bands where only stem material

was present. This structural change may indicate a zone of change where the

ability of animals to forage or shelter is altered.

Latifi et al. (2015) examined the use of ALS for estimating canopy and under-

storey density within vertical layers, but found that results were dependent on

forest type as forests with thick canopies blocked returns from the understorey.

Using a TLS based method to estimate understorey components allows for de-

tailed point return information to be collected beneath the canopy, reducing the

effect of shadowing (compared to aerial systems) when examining understorey

vegetation.

In addition to the ability of the VNVI method to determine the dominance of

either vertical or non-vertical material, using cluster extraction of vertical com-

ponents allows for the assessment of the horizontal density of vertical component

through extraction of vertical cluster counts and nearest neighbour distances.

Using Ellenden and Wyre NNR 3 as examples (Figure 4.23), the mean cluster

counts are 188 and 42 and the mean nearest neighbour distances are 0.68 m

and 2.54 m, respectively. Looking at the combined results for plot sites (VNVI,

cluster count, nearest neighbour distance) allows for a thorough assessment of

how the vertical and non-vertical components of forests combine to create unique

habitats. From the results of the VNVI method the vertical properties for each
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woodland describe its spatial relationships beyond those commonly collected in

traditional forest ecology surveys.

An advantage of the VNVI analysis technique over point cloud extraction meth-

ods requiring detailed 3D processing (Liang et al. (2016) lists these techniques

and notes they are challenging to perform due to complicated modelling require-

ments), is through its ability to provide a near-automated approach to point

cloud assessment. This allowed it to be successfully applied to the 40 Wood-

MAD sites without the need for time-consuming manual editing of data. This

novel approach to TLS forest data analysis is an effective method of forest struc-

tural extraction that can be used to process large-scale point clouds comprised

of hundreds of millions of point returns.

4.4.2 To what extent does point occlusion affect the extraction

of vertical component?

Occlusion effects within the point cloud data sets were highlighted in patterns

seen in the voxel occupancy and the mean point returns per target voxel. Al-

though point returns within the 1 m3 target voxel were recorded up to a height

of 10 m, the height band showing the maximmum number of voxels with returns

was 4 m (not including ground level). With no occlusion effects present it would

be expected that point return numbers would increase in the canopy due to an

increase in branch and foliage material (the canopy being the forest layer con-

taining the most material). This is represented simplistically in the simulation

data sets where the maximum number of voxels with returns was seen in the

canopy.

These results support the conclusions drawn by Béland et al. (2014a), that al-

though laser hits are returned from the canopy layer when using ground based

laser scanning, occlusion plays a significant role in restricting data collection.

With the maximum voxel returns being identified at a height of 4 m above

ground, all data above this level must be considered to contain increased levels

of occlusion.

Occlusion is important when considering the application of a VNVI method for

forest ecology as increased shadowing within a point cloud reduces the number

of point returns. This can be seen in the results for total return count (Figure

4.15) where total point return count falls above 4 m, even though it would be

expected to increase due to more material within the canopy. This reduction

in point returns above 4 m means that there will be less likelihood of finding
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4 point returns within vertical columns in each height band (the cut-off point

used during analysis). A reduction in vertical alignment will then result in a

bias towards classification as non-vertical material. This can be seen in Figure

4.13 where VNVI moves towards non-vertical dominance throughout zone B.

Vertical material would be expected to decrease within the canopy as stems give

way to branches and foliage in the upper layers, but as the point returns are also

reduced it is difficult to trust the VNVI values at increased height.

In order to mitigate occlusion effects the VNVI method should only be used

for selected height bands. The appropriate height bands will vary with forest

structural properties, but for this trial height bands below 4 m showed reduced

occlusion effects across all 40 sites and therefore VNVI was considered to be

reliable below this height. As occlusion rates will change depending on forest

type, the application of VNVI will vary with forest type.

Using the developed VNVI method offers a new approach to examining forest

structure through the extraction of vertical and non-vertical component for dis-

tinct height bands. The total amount of vegetation and its density is also of

critical importance when considering forest and it is the analysis of vertical den-

sity through use of TLS data collection that will be examined in the following

chapter.
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The estimation of vertical

density within the herbaceous

layer through terrestrial laser

scanning

5.1 Introduction

Understanding the lower layers of forests is critical when considering forest

ecosystems as it is an important feature affecting regeneration, nutrient cycling

and biodiversity (Simonson et al., 2014). Waterman et al. (1995) refers to these

lower layers as the herbaceous layer and understorey, but they are also known

as the regeneration layer. These layers are also a critical habitat for multiple

animals including birds and mammals (Holmes and Sherry, 2001; Litvaitis, 2001;

MacFaden and Capen, 2002). The estimation of vegetation density within the

herbaceous layer across woodland sites, therefore, has the potential to improve

our understanding of how understorey components influence forest processes and

functions (Nilsson and Wardle, 2005). Gonzalez et al. (2013) identified a lack of

research covering understorey vegetation, with the suggestion that productivity

within the understorey could be comparable to that of trees.

The two main components of understorey are the vertical and horizontal distri-

butions of vegetation (Nudds, 1977). Traditional methods for the estimation of

understorey vegetation include the sward stick and rising plate to measure sward

height (Murphy et al., 1995; Stewart et al., 2001), cover boards to measure ver-
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tical structure (Nudds, 1977) and quadrats to measure ground vegetation (Sakai

and Ohsawa, 1994). The sward stick and cover board methods are quick and

easy to complete and can be used as input into biomass estimations across wood-

land sites (West, 2009). The quadrat method can provide detailed information

on understorey vegetation. Bonham (2013) provides a detailed description of

the different methods for the measurement of terrestrial vegetation.

Aerial laser scanning (ALS) has been used in multiple studies to assess various

components of forest understorey. These include applications of ALS for forest

fuels assessment (Gajardo et al., 2014), predicting the occurrence of understorey

plant species relevant to bear forage (Nijland et al., 2014) and estimating under-

storey vegetation through variations in leaf area density profiles (Bouvier et al.,

2015). White et al. (2012) used remote sensing data to detect changes in the

forest floor habitat after severe ice storms in northeast North America damaged

the canopy of up to 12% of the trees in Southern Quebec. These studies show the

effectiveness of the method for large scale regional surveys, but the resolution of

the results obtained through ALS are at the landscape to regional scale, rather

than the micro (single tree) or macro (stand) habitat scales. For this reason

it is limited in its usefulness for detailed analysis at local geospatial scales. In

addition, the accuracy of results can be reduced by dense canopy (Singh et al.,

2015) meaning that ALS may not be suitable for all forest types.

Although terrestrial laser scanning (TLS) allows for more detailed analysis at

micro/macro scales than ALS, the trials of TLS for the analysis of understorey

vegetation have so far been limited. Ashcroft et al. (2014) created forest den-

sity profiles (primarily aimed at the canopy) from TLS data that showed TLS

provided less variation in estimates compared to observer results. The Ashcroft

et al. (2014) trial used 25 cm bins for analysing point return data. Using this

resolution it was found that the method could not be used accurately near the

ground or in areas where the ground surface was uneven, as it was not possible

to reliably distinguish the ground surface in these areas. It was concluded that

TLS has the potential to improve existing studies through producing results with

less subjectivity than where users directly estimate cover.

Multiple ecological studies have shown the importance of examining fine-scale

structure for the assessment of forest communities (Pearman, 2002; Burton et

al., 2011; Burton et al., 2014) with factors regulating species diversity operating

at different spatial scales (Reich et al., 2012; Schertzer et al., 2015). The mea-

surement and analysis of micro-scale structural properties across understorey

and ground-level vegetation is therefore an important goal for ecological stud-
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ies. It is here that TLS offers the potential for novel measurements currently

unavailable using traditional survey methods.

In addition to the vertical structural properties of forests, the horizontal changes

in structural characteristics within forest plots (known as horizontal heterogene-

ity) are a fundamental measure recorded during ecological surveys. Franklin

and Van Pelt (2004) provides a description of horizontal heterogeneity and how

it is linked to the successional stages of forests. Here it was shown that old

growth forests are characterised by heterogeneity within the spatial distribu-

tion of structures, with the irregular horizontal distribution of layers being an

important dimension of spatial complexity within old growth forests. In com-

parison, young stands show a uniformity (homogeneity) within the horizontal

spatial distribution of structures.

The aim of this study was to address the questions: (1) Can TLS be used for

the estimation of the vertical distribution of herbaceous layer vegetation? and

(2) can heterogeneity of the horizontal distribution of vegetation layers within

plot sites be assessed using TLS.

It was expected that high deer density sites would show a horizontal and vertical

homogeneity in the spatial distribution of objects due to less material being

present in the understorey. Conversely, low deer density sites were expected to

show a more complex structure resulting in vertical and horizontal heterogeneity

of understorey objects.

5.2 Methods

Studies have shown that the presence of deer fundamentally affects the commu-

nities of understorey vegetation (Suzuki et al., 2013). Using TLS data collected

during the WoodMAD trials, vertical density profiles created from TLS data

were tested against known deer densities (see Chapter 3 for details of the Wood-

MAD project). Using multiple understorey density profiles at each plot site the

vertical and horizontal heterogeneity of material was then assessed.

The final output from a TLS survey is a point cloud describing laser hits (referred

to as point returns) within the survey area. Seidel et al. (2011a) present a

method for the non-destructive estimation of tree biomass where the relationship

between dry weight of the tree (obtained through a harvest approach) and the

total number of point returns was established. In this way point return numbers

were directly linked to biomass. Using a similar approach, in this study the
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amount of material within the understorey (density profile) was estimated from

the number of point returns collected by the laser scanning instrument.

5.2.1 Site description and data collection

All data were collected as part of the WoodMAD project examining the effect of

deer browsing on woodland bird habitats. Full details of the sites can be found

in Chapter 3 and Appendix A.

All TLS data were collected in June 2012 using a FARO Focus 3D TLS instru-

ment.

5.2.2 Data preparation

All laser scan data were registered, filtered and decimated using voxel based

extraction to a level of 1 cm3, see Chapter 3 for full details.

5.2.3 Development of an understorey density profile

To evaluate the use of TLS for the assessment of understorey vegetation density

within woodland plots, an understorey density profile was generated from point

cloud data sets at each forest site. Through the creation of a density profile,

assessments and comparisons could be made across different woodland types. A

graphical overview of the method can be seen in Figure 5.1.

(a) all data (b) slice extraction. (c) normalised and adjusted pro-

files.

Figure 5.1: Graphical work flow outlining the main steps in the creation of an

understorey density profile from forest point cloud data set: (a) Point cloud

data from ground to 1.5 m including total point count; (b) slicing of the point

cloud in 1 cm height bands; and (C) normalising of point count by dividing each

height band count with the total point count for 10-150 cm before calculation of

adjusted point count.
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With the expectation that vegetation would increase close to the ground due to

low level growth such as grasses, brambles and saplings, occlusion was expected

to limit the usefulness of a direct point return count to determine the density of

objects (vegetation) towards the ground surface.

Occlusion errors close to the ground within point clouds were mitigated through

a process based on the MacArthur-Horn transformation (MacArthur and Horn,

1969). Building on the work of Lefsky et al. (1999), Harding et al. (2001) adjusted

the MacArthur-Horn transformation and described a method that can be used

to derive a canopy height profile from airborne laser altimeter data. Understorey

analysis methods using TLS have also used this profiling technique for estimating

vegetation metrics that focus on the canopy (Sumida et al., 2009; McMahon et

al., 2015). Palace et al. (2015) showed that the transformation is equivalent to:

PAI(h) = −ln(1− cover(h)) (5.1)

where cover(h) is the fraction of ground that is obscured by vegetation below

height, h, and PAI(h) is the plant area index above h. These outputs are given

as area per unit ground surface area.

For the creation of a density profile a single point return was taken as a ‘filled’ 1

cm3 voxel representing an object within the understorey. The number of objects

within a height band was then used to assess vegetation density.

Data were used from 10 cm up to a height of 1.5 m above the ground as this

covers the limit of the herbaceous layer (Gilliam, 2014) and 1.5 m is also close

to the approximate height of the scanner, so where occlusion was expected to

be at a minimum. Point return data from below 10 cm were excluded to avoid

any errors within the creation of the DTM that might mean that in certain

areas (such as where topography was complicated) the ground surface itself was

contributing to the point return count.

In previous uses of the MacArthur-Horn transformation to estimate plant area

index, the transformation is applied to correct for occlusion within the canopy

brought about by dense understorey, this can be thought of as an upward facing

correction that is used to estimate the area behind objects causing occlusion.

Using data from scanner height to ground to examine the density of understorey

vegetation uses the same principle (i.e. that dense vegetation will cause occlusion

to occur behind objects), but for a downward facing correction. Also, instead of

using the transformation to provide an estimate of area per unit ground area, it

was used here to provide an estimate of filled voxels per unit ground area, where
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the unit ground area was 1 cm2. The equation is equivalent to:

adjusted point returns(h) = −ln(1− point count(h)) (5.2)

where point count (h) is the number of filled voxels from 150 cm to height band,

(h), and adjusted point returns(h) is the point count adjusted for occlusion

at depth h. Using this equation the adjusted point return value should not be

viewed as a direct metric for the ‘true’ point return count corrected for occlusion,

but rather as an indicator of point return count (density of objects) accounting

for occlusion with distance from the scanner.

Point cloud data was first sliced into 1 cm height bands to extract point returns

on their z coordinates. The total point return count was then found for each 1

cm height band. From this a cumulative point return count, working from 1.5

m down to 10 cm, was calculated for each height band with the lowest height

band (10 cm) containing a sum of all the point returns.

The cumulative return count for each height band was then normalised by divid-

ing by the total point return count, hence giving the 10 cm height band a value of

1. This provided an understorey point return distribution to near ground level.

Using the MacArthur-Horn transformation with the return count within each

height band and the normalised cumulative return count as inputs, a cumulative

adjusted point return count for each height band was calculated.

The adjusted point count for each individual height band was the difference in

cumulative adjusted count between adjacent height bands. Once this had been

calculated an offset between the original point count and the adjusted point

count for each height band was found.

To test the ability of the method to assess heterogeneity five sub-sections (10 m

by 10 m) from each plot site were extracted along a central transect running the

length of the plot site. A density profile was then created for each sub-section

(Figure 5.2).

5.2.4 Analysis

For each plot site a single density profile for the entire data set (to assess overall

vertical heterogeneity of structure) and five sub-sections of data (used to assess

horizontal heterogeneity of structure) were created.

The data were divided into six analysis zones to allow different layers within

the understorey to be examined: (a) 10-25 cm; (b) 26-50 cm; (c) 51-75 cm; (d)
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Figure 5.2: Showing location of sub-sections of data within point cloud extent,

used to assess understorey density heterogeneity.

76-100 cm; (e) 101-125 cm; and (f) 126-150 cm. The adjusted point returns for

each 1 cm height band in each analysis zone were found. From these the mean

and standard deviation of returns within each analysis zone were calculated.

Analysis zones of 25 cm were chosen as this provided coarse zones of assessment

as used in other studies (i.e Ashcroft et al. (2014)), but still allowed for a finer

scale assessment at the 1 cm level.

The Mann-Whitney U test (McKnight and Najab, 2010) was used to assess if

the distributions of mean adjusted point return values within zones of analysis

differed significantly between high and low deer density sites.

Vertical heterogeneity was assessed within plot sites using the mean adjusted

point return count within analysis zones. Horizontal heterogeneity of density

was assessed using the standard deviation of mean adjusted point returns within

sub-sections.

5.3 Results

5.3.1 Understorey density profiles

Using the mean adjusted return count within analysis zones (overall results pre-

sented in Table 5.1) it was found that the adjusted count varied significantly (see

Table 5.2 for Mann-Whitney U test results) between high and low deer density

sites across analysis zones C-F (51-150 cm) where a decrease in return count was

observed in high deer density sites. In comparison, no significant difference was

found across analysis zones A and B (10-50 cm) for high and low deer density

sites. Looking at the finer scale results based on 1 cm height bands (Figure 5.3),

it was found that the difference in mean adjusted point count becomes significant

(between high and low deer sites) at a height of 57 cm.
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Table 5.1: Mean of adjusted returns for different deer density plots across

vertical analysis zones. Values are mean returns per cm.

deer density
mean adjusted returns within vertical height bands (cm)

10-25 26-50 51-75 76-100 101-125 126-150

High 97,127 31,704 9,604 4,992 4,296 4,820

Low 94,964 29,235 13,584 8,808 7,345 7,035

Table 5.2: Results for the Mann-Whitney U test examining mean weighted

return count within analysis zones show that zones A and B do not have a

significant difference in mean returns between high and low deer density sites,

whereas zones C-F do show a significant difference.

analysis

zone

U P significant

A 194 >0.05 no

B 145 >0.05 no

C 66 <0.05 yes

D 61 <0.05 yes

E 75 <0.05 yes

F 105 <0.05 yes

The mean of adjusted returns for each vertical height band classified by deer

density can be seen in Tables 5.3 and 5.4.

The understorey density profiles for all plots can be seen in Figures 5.4 and

5.5. Using these in combination with the mean adjusted returns within analysis

zones (Tables 5.3 and 5.4) allowed changes within the adjusted return count

across vertical zones (within each data set) to be identified. These changes in

return count represent a change in object detection within the point cloud and

may be used to identify structural changes within understorey vegetation present

within the forest plots at different heights above the ground.

Looking at the individual plot site results it was seen that the maximum/min-

imum adjusted returns within height band A were found at Gwern Ddu 01

(218,976) and Ellenden (22,836), respectively. This shows Gwern Ddu containing

approximately 9 times as many adjusted point returns as Ellenden from 10-25

cm height. Plot photos for these sites are shown in Figure 5.6 highlighting the

difference in ground level material.

The difference between Gwern Ddu 01 and Ellenden can also be seen in the un-

derstorey density profile for each site (Figure 5.5), where Gwern Ddu 01 shows a

sudden change in gradient of slope within the profile at a height of approximately

60 cm. In comparison the profile for Ellenden shows a much more stable gradient

of slope from 150-10cm, representative of less structural change (homogeneity of
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Figure 5.3: Mean and standard deviation for adjusted point returns within 1

cm height bands for high and low deer density sites.

Table 5.3: The mean adjusted returns per 1 cm vertical layers, calculated

across analysis zones for each plot. Results shown are for high deer density sites.

plot site
height bands (cm).

10-25 26-50 51-75 76-100 101-125 126-150

Ampfield03 131,062 28,450 8,979 3,791 3,335 4,533

Ampfield04 114,205 38,010 7,362 3,053 3,553 4,335

Bentley03 104,915 24,631 6,460 3,094 2,587 3,067

Bentley04 83,809 13,348 4,798 2,743 2,222 2,390

Blackmoor 94,010 15,552 6,395 4,910 5,771 7,183

Haughwood 103,609 30,583 8,582 4,863 3,522 3,755

Hound01 102,337 23,620 8,574 8,096 7,793 7,790

Hound03 46,030 7,871 3,265 2,797 2,824 3,008

Hound05 98,539 51,182 15,310 5,205 4,242 4,439

Kingswood01 90,538 66,595 28,206 8,029 2,932 4,599

Kingswood10 150,843 48,947 19,291 8,461 6,184 8,172

Langley02 41,081 15,489 7,769 5,851 5,609 6,036

Langley05 53,116 13,339 8,632 6,687 5,801 5,771

LeaPagets03 82,799 20,688 8,396 4,981 4,709 4,916

Romers 119,383 60,968 11,711 7,260 6,888 7,081

WyreMain01 168,866 46,540 5,993 3,407 3,240 3,219

WyreMain03 92,984 19,141 7,212 4,003 3,211 3,448

WyreMain04 39,579 10,290 7,652 7,126 6,987 8,277

WyreNNR01 125,105 24,574 3,373 2,268 2,183 2,142

WyreNNR03 99,735 74,260 14,128 3,207 2,326 2,234
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Table 5.4: The mean adjusted returns per 1 cm vertical layers, calculated

across analysis zones for each plot. Results shown are for low deer density sites.

plot site
height bands (cm).

10-25 26-50 51-75 76-100 101-125 126-150

BigForest03 173,380 33,725 10,830 7,558 6,568 6,479

BleanHomestall01 98,891 22,995 9,642 8,089 7,300 7,023

BleanHomestall04 75,080 23,953 11,526 8,883 7,654 7,348

BleanHomestall06 66,303 25,383 9,849 7,406 6,838 6,937

EastBlean01 35,871 10,795 8,370 8,677 8,073 9,289

EastBlean03 117,161 34,539 16,416 10,800 9,588 8,118

Eastridge01 92,661 34,123 13,847 10,479 9,724 8,308

Eastridge05 169,827 53,536 18,442 10,720 9,277 9,011

Ellenden 22,836 10,322 8,447 7,920 7,889 7,926

FfriddMathrafal02 125,876 32,191 14,114 8,134 7,191 6,499

FfriddMathrafal04 103,060 69,384 30,213 11,187 6,042 5,198

GwernDdu01 218,976 43,779 7,131 4,876 4,427 3,885

GwernDdu04 92,792 21,657 13,400 11,687 8,586 8,329

PoleLees02 72,166 47,167 33,175 12,288 4,715 3,756

PoleLees05 94,891 51,925 24,585 10,155 7,045 6,728

SpoutFigyn 96,895 16,327 7,849 6,327 6,182 6,141

WestBlean01 107,569 19,259 9,804 7,552 7,649 7,761

WestBlean02 56,098 11,960 8,328 7,831 7,490 7,618

WestBlean03 33,230 10,074 7,910 7,651 6,592 6,689

WestBlean04 45,721 11,604 7,795 7,930 8,068 7,651

Figure 5.4: Understorey density profiles using adjusted point return count for

high deer density woodland sites.

91



Chapter 5. The estimation of vertical density within the
herbaceous layer through terrestrial laser scanning

Figure 5.5: Understorey density profiles using adjusted point return count for

low deer density woodland sites.

structure) within the point cloud.
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(a) Gwern Ddu 01 (b) Ellenden

Figure 5.6: Ground level photos for Gwern Ddu 01 and Ellenden which were

identified as having the largest difference in adjusted point returns within the

10-25 cm analysis zone. These differences can be observed in the plot photos

where Ellenden has few understorey objects compared to Gwern Ddu where

understorey vegetation and deadwood combine to give an object rich layer close

to the ground.

5.3.2 Horizontal vegetation density within plot sites

In a similar result to the complete plot site assessment, the lower layers of under-

storey (10-50 cm) do not show any significant difference in the standard deviation

of adjusted count across sub-sections between high and low deer density sites.

The upper layers of the understorey (51-150 cm) do show a significant difference,

with high deer density sites exhibiting reduced standard deviation of adjusted

count across sub-sections. This suggests high deer density sites have a more

uniform distribution of objects within the plot site when compared against low

deer density sites. This follows expectations that deer browsing leads to a more

uniform structure within the forest understorey.

The standard deviation of the mean adjusted returns across sub-sections for

plots with different deer densities can be seen in Tables 5.5 and 5.6. These

values represent how mean adjusted point count varies within each analysis zone

(A to F) and across the five sub-plots (along the transect in each forest plot).

Using the standard deviation as an indicator of structural homogeneity (low val-

ues indicative of homogeneous structure) allows plot sites to be identified that

are structurally different. Results for Eastrdige 05 show an increase in standard

deviation across all five analysis zones (when compared against other sites), sug-

gesting a horizontal heterogeneity of objects within the understorey point cloud.

In comparison results for Ellenden show a decreased standard deviation, suggest-

ing horizontal homogeneity of objects within the point cloud. This difference in
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object density across sub-plots within each plot site is shown in the individual

understorey density profiles (Figure 5.7).

Differences in object density within vertical layers can also be observed in the plot

site photographs for Eastridge 05 and Ellenden (Figure 5.8). In the photographs

it can be seen that Ellenden forest shows a uniform spacing between the mutliple

stems of the trees and very little understorey vegetation. Looking at the photo

for Eastridge 05, relatively open patches of ground can be seen at the front of

the scene and denser understorey vegetation and stems to the rear. It is this

variation in density of objects that result in the increased standard deviation

within sub-plots for Eastridge 05 when compared to more homogeneous sites

such as Ellenden.

Table 5.5: The standard deviation of mean point return count within height

bands across sub-plots for high deer density sites.

plot site
height bands (cm).

10-25 26-50 51-75 76-100 101-125 126-150

Ampfield03 4,115 1,267 664 203 227 346

Ampfield04 3,127 829 266 227 349 381

Bentley03 3,409 1,182 360 141 171 216

Bentley04 3,878 1,579 595 197 145 185

Blackmoor 5,619 664 263 339 375 422

Haughwood 5,713 860 580 270 213 265

Hound01 5,188 1,438 275 314 358 384

Hound03 1,898 275 218 182 175 183

Hound05 4,250 2,034 488 261 368 461

Kingswood01 3,696 1,752 1,575 485 112 366

Kingswood10 8,367 1,505 1,299 277 116 240

Langley02 593 987 495 294 199 235

Langley05 1,266 189 35 152 190 167

LeaPagets03 1,646 532 164 213 268 259

Romers 3,131 5,026 214 136 115 144

WyreMain01 5,557 2,792 306 71 75 86

WyreMain03 3,221 401 402 317 311 358

WyreMain04 1,265 210 118 108 109 123

WyreNNR01 8,624 1,789 209 147 132 131

WyreNNR03 1,668 2,187 852 87 79 96
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(a) Ellenden

(b) Eastridge 05

Figure 5.7: Understorey density profiles for Ellenden and Eastridge 05

highlighting differences in the mean adjusted point count across sub-plots.

Ellenden shows a low standard deviation indicative of similar profiles for each

sub-plot 1-5. Eastridge 05 shows variation across the sub-plots 1-5, indicative of

a change in density of objects across sub-plots.

(a) Ellenden (b) Eastridge 05

Figure 5.8: Plot photographs of Bentely 03 and Ffridd Mathrafal 04 showing

the difference in understorey structure highlighted by a difference in standard

deviation of mean point returns within analysis zones.

95



Chapter 5. The estimation of vertical density within the
herbaceous layer through terrestrial laser scanning

Table 5.6: The standard deviation of mean point return count within height

bands across sub-plots for low deer density sites.

plot site
height bands (cm).

10-25 26-50 51-75 76-100 101-125 126-150

BigForest03 5,037 1,665 388 138 197 188

BleanHomestall01 4,904 1,130 335 132 146 143

BleanHomestall04 1,479 1,021 581 409 256 273

BleanHomestall06 4,005 1,460 400 268 302 293

EastBlean01 2,032 629 276 308 255 439

EastBlean03 4,553 1,826 607 457 344 232

Eastridge01 2,842 1,650 337 281 393 348

Eastridge05 8,466 2,426 974 503 415 424

Ellenden 497 168 171 165 180 229

FfriddMathrafal02 5,632 2,382 1,444 792 720 468

FfriddMathrafal04 3,523 1,862 1,085 378 268 188

GwernDdu01 2,820 1,502 347 288 348 328

GwernDdu04 5,787 1,993 931 566 364 318

PoleLees02 2,597 588 521 420 274 215

PoleLees05 5,970 1,381 735 504 360 402

SpoutFigyn 3,982 603 294 288 280 334

WestBlean01 4,124 476 270 335 277 313

WestBlean02 1,210 396 351 342 318 277

WestBlean03 981 359 286 229 209 200

WestBlean04 1,888 289 227 189 237 293

5.4 Discussion

5.4.1 Can TLS be used for the estimation of the vertical distri-

bution of herbaceous layer vegetation?

Using the methods outlined here, understorey density profiles were successfully

created for each of the 40 forest sites within the WoodMAD data set. These

density profiles showed correspondence with deer density, supporting the use of

terrestrial laser for the estimation of the vertical distribution of objects within

the herbaceous layer.

Examining the links between spatial distribution of material and ecological pa-

rameters, such as diversity and productivity, has an important role in ecological

studies (Scheller and Mladenoff, 2002). Whilst traditional forest survey methods

can collect information on the species present within understorey communities

(Song et al., 2014), the difficulty in collecting fine scale spatial information means

that distribution data is commonly acquired in coarse bands (vertically) or non-

contiguous quadrats (horizontally). The creation of understorey density profiles

from adjusted point returns (Tables 5.3 and 5.4) gives object distribution infor-

mation across vertical bands and for horizontal sub-plots, providing insights into
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how different forest attributes (here tested against deer density) affect density

within the understorey.

The results show there was a relationship, above a height of 57 cm, between deer

density and the vertical density profiles as created from TLS. The ability to de-

tect changes in the density of objects within the understorey, at the centimetre

level, shows improvements over traditional forest survey methods. An example

being how, to assess regeneration rates in forest, Nagel et al. (2014) used 50

cm height classes to estimate vegetation density within sites frequented by deer.

Using a finer scale measurement of vertical density, as presented here, may im-

prove our understanding of regeneration or of animal-habitat associations within

the understorey, such as the provision of shelter or the availability of light/food

within different understorey layers.

In sites where deer browsing was low there was a significant increase in the

number of adjusted point returns when compared to sites where deer browsing

was high (Figure 5.3), this can be viewed as a general increase in the amount of

understorey material where deer levels are low. Whilst this follows expectations,

it also supports the use of TLS for the identification of further patterns and

relationships that are perhaps not so well understood.

An example of such is how the results show no significant difference in under-

storey material close to the ground (10-50 cm), regardless of deer density. This

suggests deer browsing may not have an effect on the herbaceous ground layer.

The fact that deer density doesn’t appear to have an effect on the herbaceous

ground layer (unlike Suzuki et al. (2013) where deer did impact on ground level

vegetation) might be explained by the transient nature of deer browsing within

the plot sites surveyed (the deer were present, but perhaps did not browse as

they have access to food outside the forest) and suggests that presence of deer

may not be a direct indicator of ground level vegetation density.

Hegland et al. (2013) showed that herbivory within forests reduces the richness

of high growing vegetation such as dwarf-shrubs and young trees, but that it

increased the richness of low-growing groups such as graminoids and mosses.

The Hegland et al. (2013) study supports the results seen in the understorey

density profiles from TLS, where differences in the density of objects between

sites of different deer density were only seen above 57 cm (i.e. deer are potentially

browsing the high growing vegetation in high deer density sites).

As Newnham et al. (2015) suggest, it is through the rethinking of vegetation

surveys that TLS can reach its potential. Using centimetre assessment of un-
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derstorey vegetation density has shown how vertical zones of change can be

identified, something that is not currently performed in surveys such as those

conducted for Suzuki et al. (2013) and Hegland et al. (2013). This analysis has

identified fine scale spatial relationships (vertical density) not previously exam-

ined.

It is known that structure will affect the animal-habitat associations within a

forest site. Examining individual understorey profiles (Figures 5.4 and 5.5) dif-

ferences in profiles can be identified within sites containing similar deer levels.

Examples of this include Gwern Ddu 01, Pole Lees and West Blean 03 where

obvious differences in the structural complexity of each forest site can be identi-

fied from plot site photographs (Figure 5.9). The ability to automatically detect

these differences through point cloud processing across large dense data sets,

shows the potential of the laser scan approach.

(a) Gwern Ddu 01 (b) Pole Lees

(c) West Blean 03

Figure 5.9: Plot photographs of Gwern Ddu 01 (a), Pole Lees (b) and West

Blean 03 (c), where differences identified in the density profile can be seen

within the site photograph.

In this trial the estimation of vegetation densities close to the ground used 1

cm layers, which were then assessed across 25 cm analysis zones. This shows

improvements relative to the Ashcroft et al. (2014) trial, where 25 cm bins used
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for analysing point return data did not provide accurate results near the ground.

This may be a result of an improved digital terrain model, or simpler forest floor

topology, within the sites used for this trial.

Traditional forest survey methods across these sites may have identified differ-

ences in the overall cover or the species composition, but it is the fine-scale

assessment using TLS that can be used to extract zones of change. An example

of this is how within Pole Lees there is a zone from 60 cm to 120 cm that con-

tains a steep density gradient indicative of increasing density of objects within

the understorey. A traditional survey would provide a percentage cover estimate

for the vegetation present and the species composition within quadrats. The

TLS approach was used to identify a vertical zone 60 cm deep where density

rapidly increases.

5.4.2 Can heterogeneity of the horizontal distribution of vege-

tation layers within plot sites be assessed using TLS?

In this trial five sub-plots along a central transect were used to assess horizontal

heterogeneity. The standard deviation of the mean adjusted point count within

height bands provided information on how changes within vertical density across

subplots differed in each site. Using this it was possible to identify plots where

change along the transect was low (homogenous structure, as seen in Ellenden

wood - Figure 5.8a) and also where change along the transect was increased

(heterogenous structure, as seen in Eastridge 05 - Figure 5.8b).

The ability to create sub-plots of different sizes from a single survey, gives the

TLS approach a spatial dynamic that could not be realised using traditional

methods without extensive resources. An example being how in this trial each

survey was assessed as one whole plot (10 m by 50 m) and five smaller sub-plots

(10 m by 10 m). Equally, the survey could be split into twenty smaller sub-

plots (5 m by 5 m) or five hundred (1 m by 1 m). This flexibility from a single

laser scan survey has potential to allow identification of relationships at multiple

spatial scales from a single survey.

The TLS approach does not provide a complete assessment of understorey plant

communities as, at the present time, different plant species cannot be identified

through point cloud feature extraction. It does however, provide spatial informa-

tion that can be collected relatively easily. Collecting data below the canopy also

allows for assessment across all seasons, regardless of canopy state, something

that aerial based solutions do not provide (Singh et al., 2015).
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Using sample plots along a transect it was possible to create multiple UDP from

which the horizontal heterogeneity of objects within a plot site were assessed.

This method, whilst providing an assessment of how object density changes

within a forest plot, does not provide a detailed analysis of the horizontal spatial

relationships operating within understorey vegetation. Horizontal relationships

within forest understorey structure will be examined in the following chapter

through the creation of understorey cover estimates and microtopographic anal-

ysis of point return surfaces.
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The estimation of understorey

cover and microtopography

through terrestrial laser

scanning

6.1 Introduction

The forest floor and lower understorey are important zones when considering the

maintenance of forest ecosystems. These areas are the principle zone of decom-

position and as such are critical to nutrient cycling through linking above-ground

and below-ground processes (Qiao et al., 2014). As well as providing a zone for

decomposition, the forest floor and lower understorey commonly support vegeta-

tion growth and habitats for ground dwelling fauna including arthropods, insects,

mammals and ground nesting birds (Dı́az-Aguilar et al., 2013). Understorey di-

versity and the abundance of understorey species are important indicators of

forest health (Kerns and Ohmann, 2004) and are therefore used by ecologists

when assessing forests.

The composition of the forest floor and the structure of forests are linked, with

Hedwall et al. (2013) showing how increases in forest density within Swedish

forests (typically as forests aged) resulted in a decrease in abundance across forest

floor vegetation. Understorey cover and canopy structure have also been linked

with Song et al. (2014) showing that the total abundance of herbs within plot

sites were positively correlated with canopy openness and negatively correlated
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with the cover of lower canopies. The relationship between forest understorey

and other forest features such as structure and canopy highlights the importance

of surveying and analysing the understorey when considering forest systems as

a whole.

Various characteristics of the forest understorey are examined by ecologists when

studying forests including stem counts, light transmission and species diversity

(Scheller and Mladenoff, 2002). It is understorey cover, however, that is the

most common structural measure estimated by ecologists, with cover being used

as a measure of vegetation abundance (Wing et al., 2012). Reich et al. (2012)

describes the estimation of understorey cover as a visual assessment for species

under 1 m using a system of classification groups (1%, 1–5%, 6–25%, 26–50%,

51–75% and 76–100%). This is a vegetation cover estimation that does not

include material associated with any larger growth species.

The two main components of vegetation cover are the vertical and horizontal dis-

tributions of vegetation (Nudds, 1977). Horizontal understorey vegetation cover

is used to help describe forest habitats and can be important when trying to un-

derstand forest competition dynamics (Chen et al., 2008). As well as a measure

of abundance within forests, cover estimates can also be used to assess other

factors such as fuel loading (Cram et al., 2015) and deer browsing (Boulanger

et al., 2015).

The estimation of understorey cover by traditional methods can be difficult and

time-consuming. This has resulted in an array of different estimation methods

being used (Eskelson et al., 2011). Traditional estimation methods include cover

boards, line-intercept sampling and fixed plot sampling. These methods provide

percentage values for estimated cover, but results can be affected by observer

bias (Macfarlane and Ogden, 2012).

Many previous studies have shown that remote sensing (both passive and active)

can be used to extract forest characteristics from above the canopy, these include

estimations of understorey vegetation cover. Wing et al. (2012) presented an

aerial laser scanning (ALS) method for the prediction of understorey vegetation

cover, giving accuracies of ± 22% and biases of ∼0% for a range of canopy covers.

The same trial highlighted how in forest with dense canopy or where overstorey

and understorey layers intermix, the ALS method may not be feasible. Singh

et al. (2015) examined the use of aerial imagery and ALS for the detection of

understorey invasive plants in an urban forest. This trial provided adequate

assessment of invasive species over a regional scale, but concluded that surveys

needed to be taken in the leaf-off season. Lone et al. (2014) showed how using
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ALS data for the estimation of understorey vegetation cover greatly improved

the ability to correctly predict browse biomass for Norwegian moose. This study

showed the potential for ALS surveys to help in estimating the distribution of

large herbivores and how ALS has the potential to be a valuable tool for ecologists

and wildlife managers.

In comparison with ALS studies, those investigating the use of terrestrial laser

scanning (TLS) for estimation of understorey cover are limited. Seidel et al.

(2012a) examined the use of diameter at breast height (DBH) measurements

from TLS to estimate understorey biomass in coppice forest, but did not provide

estimates of vegetation cover. Ashcroft et al. (2014) tested the use of TLS for

creating vegetation density profiles but concluded that the method could not

be used accurately near the ground or in areas where the ground surface was

uneven, as it was not possible to reliably distinguish the ground surface in these

areas.

Although the importance of understorey vegetation cover when assessing forest

abundance is known, the potential for using TLS has not currently been fully

explored. As terrestrial lidar systems operate beneath the canopy and are there-

fore not affected by canopy state (leaf on/off), it is proposed that TLS may offer

a novel approach to understorey cover estimations that can be utilised across

all seasons regardless of canopy state. The use of TLS to collect high resolution

point clouds may also allow for finer scale assessment of understorey cover than

is currently possible using the classification groups as outlined by Reich et al.

(2012).

Additional surface properties obtained through TLS have the potential to be

used to identify individual understorey vegetation types (Figure 6.1). Similar

surface processing methods are currently used to identify individual landforms

in geomorphology (Brubaker et al., 2013). In a similar process, it has also been

shown that the microtopography of forest canopies can show correlation with

canopy structure (Maurer et al., 2013; Maurer et al., 2015).

The aim of this study was to address the questions: (1) can TLS be used for the

estimation of the horizontal distribution of understorey vegetation cover within

forest plots? and (2) are any novel understorey measurements available?

The trial used data collected as part of the WoodMAD data set. Initial expec-

tations were that those plots classified as low deer density would show a pre-

dominance toward increased understorey cover and those classified as high deer

density toward decreased cover. This was because deer browsing was expected
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(a) Dead wood object in forest point cloud (b) Microtopographic profile showing low

levels of surface roughness.

(c) Example vegetation understorey in for-

est point cloud.

(d) Microtopographic profile showing high

levels of surface roughness.

Figure 6.1: Showing how different objects within a forest site would be

expected to create different microtopographic profiles. Laser scan acquired

microtopography has the potential to be used to distinguish different

understorey structure types.

to cause a reduction in understorey vegetation (Suzuki et al., 2013).

In addition to understorey cover estimates, novel understorey vegetation surface

parameters were examined. Using techniques developed for the study of sur-

faces, such as in floodplain analysis (Scown et al., 2015) and landscape evolution

(Roering et al., 2013), assessments of the spatial organisation, surface character

and variability of the understorey point return surface were tested. This analysis

provided estimations for the understorey microtopography at each trial site.

6.2 Methods

A surface extraction method was tested following similar surface modelling tech-

niques used in geomorphology, geology and hydrology (Lemon and Jones, 2003;

Brasington et al., 2012; Raiber et al., 2012). Combining this technique with

point cloud data from forest surveys decimetre analysis of understorey layers

could be achieved, from which percentage cover estimates were extracted.

As understorey cover estimates were not collected by the BTO as part of the

WoodMAD survey, a qualitative assessment of the 40 forest survey sites was

made using photographs taken during the TLS survey. Two classifications were

made for each plot. Firstly, the height of understorey vegetation was assessed and

plots split into three vegetation height categories: (0) low - where the ground

was visible throughout; (1) medium - patches of vegetation that blocked the
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ground, but where it was not a continuous covering; and (2) high - minimal

ground showing through the vegetation.

Secondly, to assess the microtopography of each woodland test site against veg-

etation type, a qualitative assessment of the vegetation type at each survey site

was made. This assessment categorised understorey vegetation type as belonging

to one of six groups: (0) very little understorey; (1) low level grasses; (2) low level

bramble; (3) dominated by ferns; (4) low vegetation; and (5) tall, mixed vege-

tation. These groups were defined using visual assessment of the photographs

taken at each test site. Descriptions of the vegetation types and corresponding

photographic examples can be seen in Figure 6.2.

These classifications of plot sites were qualitative classifications carried out post-

survey to assess the ability of the TLS method to extract plot characteristics.

As deer browsing is transient in nature (deer may be present, but not browse), is

was felt that an additional classification would allow a more thorough assessment

of the usefulness of the TLS approach.

In converting the vertical datum to height above ground (Chapter 3) some

smoothing of the microtopographic surface was likely to have occurred. Ad-

justment to height above ground was achieved using a 0.5 m digital terrain

model meaning that any small scale (covering less than 0.5 m2 in the horizon-

tal) ground surface features may have been lost. The removal of these features

from the ground surface will also have removed them from the microtopographic

surface.

6.2.1 Site description and data collection

All data were collected as part of the WoodMAD survey. All TLS data were

acquired using a FARO Focus 3D TLS instrument.

Full details of the FARO instrument and sites visited can be found in Chapter

3 and Appendix A.

6.2.2 Data preparation

All laser scan data were registered, filtered and decimated using voxel based

extraction to a level of 1 cm3, see Chapter 3 for full details.
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(a) Group 0: very little understorey (b) Group 1: low level grasses.

(c) Group 2: low level bramble. (d) Group 3: dominated by ferns.

(e) Group 4: low vegetation. (f) Group 5: tall, mixed vegetation.

Figure 6.2: Showing examples of each understorey vegetation group as

classified using qualitative assessment of plot photographs.
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6.2.3 Estimation of understorey cover

The first step in the estimation of understorey cover was to slice the original

point cloud into a data set describing only the point returns to be used during

understorey cover analysis. For this trial all point returns above ground level

(the ground was classified as returns in the first 10 cm) and 1.0 m height were

selected. This follows a common maximum height for cover estimates, used when

assessing understorey material (Reich et al., 2012; Gilliam, 2014).

The next stage was the generation of a raster surface describing understorey

height from which point returns describing non-vegetation material (such as

stems) could be removed. The removal of likely non-vegetation material was

attempted through the creation of three individual raster surfaces describing

point return count, point return height and surface slope. These were then

combined to identify (likely) non-vegetation raster cells. Non-vegetation cells

were those with combinations of increased return count, point height close to

1 m and surface slope near vertical. All raster data sets were generated at a

resolution of 5 cm2.

Although point cloud data was voxelised to 1 cm3 completing the full surface

processing at this resolution was considered too time-consuming to be practical.

An example being how, using a standard desktop workstation (quad core with

processing speed of 3.10 GHz), a single 50 m by 10 m trial site processed at 1 cm

resolution was completed in about 48 hours. In comparison, using a resolution

of 5 cm all surface processing was completed in 1 hour.

Vegetation surfaces with 1 cm resolution were created for Ampfield Wood 03

and Ellenden Wood to assess the sensitivity of raster resolution to the results.

From this it was found that increasing the resolution resulted in a decrease in

estimated cover between 11% and 15% and an increase in estimated 3D surface

volume between 12% and 18% (results given in Appendix C.3 Table C.6), while

greatly reducing processing time. With 40 sites to analyse the trade off between

processing time and resolution, given that traditional cover estimates use coarse

estimations (Reich et al., 2012), was considered acceptable for this trial.

The first surface created was of raster holding cell values equal to the point return

count (referred to as the count raster). This identified vertical component within

the point cloud, similar to the method outlined in Chapter 4. As vegetation

components would not be expected to contain as many point returns as solid stem

material and not contain the same vertical component, this step was expected to

identify likely stem (vertical) material. The use of vertical component assessment
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close to the ground does increase the likelihood of classification errors due to

increased material and point occlusion (see Chapter 4). As this was only one of

three tools for the assessment of likely non-vegetation material, the effects were

not expected to be significant.

Secondly, a raster containing cell values of the maximum height was generated

(referred to as the height raster). As all stem material was expected to reach

above the 1 m cut-off point (by definition tree stem material will grow beyond

the understorey), raster cells containing values for 1 m were classified as possible

stem material.

Thirdly, a raster was generated describing the slope of the understorey surface

(referred to as the slope raster). This raster was created using each of the cell

values from the height raster to describe the maximum gradient from one cell to

its neighbours. In this way the slope of the height raster could be assessed with

slope raster cells containing values in degrees between 0 and 90 (0 degrees being

a flat surface parallel to the ground). The slope raster was generated as it was

expected that solid forest objects such as stems, branches and dead wood would

provide near vertical surfaces and so be identified through the slope analysis.

In comparison, understorey vegetation was expected to show a variable surface

slope due to the fact that some point returns would penetrate the vegetation.

With these three raster surfaces created (describing individual properties of the

understorey point cloud), the Fuzzy Logic processing library of ESRI ArcGIS

was used to combine the data sets into a single raster (Reuter and Nelson,

2009). Each of the three raster data sets were first graded from 0 to 1 (a step

in the Fuzzy Logic processing library), with 0 being most likely to be vegetation

material (reduced count, low height values, minimum slope) and 1 being most

likely to be non-vegetation (increased count, height at 1 m, near vertical slope).

In combining the three raster data sets a single understorey raster was created

which was used to identify raster cells that were likely sources of non-vegetation

material. Count, height, slope and combined raster examples can be see in Figure

6.3, with areas coloured red indicating cells of likely non-vegetation material.

Through visual assessments on test data sets a cut-off point of 0.78 (from a

range of 0 to 1) was identified as a reliable marker for objects not likely to be

understorey from the combined raster surface. Using the merged raster any cells

with a value greater than 0.78 were considered null (contained no data values)

and a final adjusted raster created with likely stem material removed (Figure

6.4).

108



Chapter 6. The estimation of understorey cover and
microtopography through terrestrial laser scanning

(a) Count raster (b) Height raster

(c) Slope raster (d) Combined raster

Figure 6.3: Three normalised surface rasters, coloured by

likelihood of being vegetation material, describing return

count (a), height (b) and slope (c) were produced. These

were then combined using fuzzy logic to form a raster (d)

from which likely stem and branch material could be

identified and removed. White areas are those with no data.
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(a) original raster. (b) final raster.

Figure 6.4: Two surface height rasters showing the same

area before (a) and after (b) likely stem and branch material

has been removed. White grids are null values not used

during processing.

The final stage in the estimation of cover was the estimation of surface areas and

volumes using the processed raster surface from which likely stem material had

been removed.

From the raster surface a triangulated irregular network (TIN) surface was cre-

ated using the 3D analyst libraries within ESRI ArcGIS (Reuter and Nelson,

2009). TINs are vector based representations of surfaces (based on a network

of non-overlapping triangles, in this case created using Delaunay triangulation)

providing a variable distribution of points accurately describing terrain. Using

a TIN allowed for detailed volume estimations to be made and follows existing

surface modelling techniques used in landscape modelling (Jenness, 2004), hy-

drology (Bannister and Kennelly, 2016) and engineering geology (Dong et al.,

2015). Using a second TIN describing a plane at 0 m, the volume between the

understorey surface and ground level was then determined.

The ground level and understorey surface TINs were then used to estimate three

values: (1) 2D area of understorey surface - a vertical projection of cover similar

to that used by ecologists during visual assessment with units given in m2; (2) 3D

area of understorey surface - a non-projected surface providing an area for the

complete TIN, with units given in m2; and (3) 3D volume between uppermost

understorey and ground surface - the volume between the TIN surface and the

ground, with units given in m3. A plot photo and related TIN surface can be
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seen in Figure 6.5.

(a) Plot photo for Wyre NNR 03 (b) TIN surface calculated for Wyre NNR 03

Figure 6.5: Plot photograph and the subsequent 3D

surface used for area and volume estimates for Wyre NNR

plot 3. The TIN shown (b) represents the full plot

measuring 10 by 50 m, coloured by height.

A graphical analysis work flow is outlined in Figure 6.6.

6.2.4 Characterising understorey microtopography and surface

roughness

With the height raster created for the estimation of understorey cover, further

analysis was performed to obtain surface slope and curvature properties for the

understorey layer. The surface properties were extracted using a 5 cm2 resolution

height raster. Different resolution rasters will produce different results, with

larger raster cells producing a ‘smoothed’ surface (Figure 6.7).

Slope and curvature surfaces provide an indication of the microtopography and

surface roughness of each data set. From this it was possible to compare results

across different plot sites, using mean values of each surface to rate plots as

either “rough” or “smooth”.

To extract the slope of the understorey surface the same method was used as

described in section 6.2.3. To extract the curvature of the understorey the surface

height raster was used to produce a curvature raster. The curvature raster

described the second derivative value of the input surface on a cell-by-cell basis

using the method outlined by Zevenbergen and Thorne (1987). Positive values of

curvature indicate the surface is upwardly concave, negative values indicate the

surface is upwardly convex and values of zero indicate a linear surface (Figure

6.8)

Standard deviation of slope was used as a descriptor of surface roughness with
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(a) initial data (b) slicing (c) height, count and

slope rasters

(d) final raster (e) 3D surface

Figure 6.6: Graphical work flow outlining generation of height raster with

likely non-vegetation material removed covering: (a) complete point cloud

adjusted to ground height; (b) understorey material selected (10-100 cm); (c)

count, slope and height raster data sets created; (d) combined raster surface

describing understorey point returns with likely non-vegetation material

removed; and (e) understorey 3D surface used for volume and area estimates.

Figure 6.7: Representation of how microtopography will

vary according to the resolution of the height raster (in this

trial 5 cm2). Vector normals to cell plane (the direction

perpendicular to the surface) are shown as arrows.

Increasing the size of the input raster (represented by 1x, 2x,

4x and 8x) has the effect of smoothing the microtopography

(modified from Grohmann et al. (2011))
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(a) positive curvature (b) negative curvature (c) zero curvature

Figure 6.8: Profile curvature is parallel to the direction of maximum slope.

Positive values indicate a surface that is upwardly concave (a). Negative values

indicate a surface that is upwardly convex (b). Zero values indicate a linear

surface (c).

an increase in standard deviation of slope being representative of an increase in

surface roughness. This follows similar analysis work flows (used here at a finer

scale) outlined by Brubaker et al. (2013) for the estimation of surface roughness

when using ALS to characterise terrain data.

The classification of plots on their slope and curvature values may not be suffi-

cient for the estimation of understorey vegetation structure, which was expected

to vary within a plot site. Instead, an assessment of how much and where vari-

ations occur in understorey surfaces was expected to be a more useful measure

for assessing the different surface properties within the understorey of each plot

site.

To provide an assessment of surface properties within plot sites, each cell from

the slope and curvature raster was assessed against its neighbours with the mean

calculated. This processing is referred to as moving window analysis (Figure 6.9).

The expected relationship between surface properties and the resolution of the

original data set and the moving window analysis is shown in Figure 6.10.

Different sizes of moving windows are used in geomorphometry to account for

the different scales present within topography. For the same reason, different

size grids were tested here to see which was the applicable analysis size for the

microtopography of understorey vegetation. For this trial estimates using five

different moving window sizes (0.5 m, 1.0 m, 1.5 m, 2.0 m and 2.5 m) were

processed. The expected outcomes from the use of different moving window

sizes are outlined in Figure 6.11.
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(a) Moving window 0.5 m.

(b) Moving window 1.5 m.

Figure 6.9: A single slope raster (left hand raster) can be processed using

different sized moving windows. The surface roughness raster cells (right hand

raster) contain the standard deviation of the original slope raster for the extent

of the moving window.
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(a)

(b)

(c)

Figure 6.10: Expected effects of moving window size on the ability to detect

features using surface microtopography (a). Coarse underlying features can be

extracted using a large moving window (b). Finer microtopographic details can

be detected using smaller moving windows (c)

6.2.5 Analysis

To assess the effect of deer density on understorey cover estimates as extracted

through TLS, the mean and standard deviation of 2D area, 3D area and volume

were extracted and grouped into different deer densities, estimated understorey

cover and vegetation type.

In addition to cover estimates for each plot, additional microtopographic pa-

rameters of the understorey were extracted. The mean and standard deviation

of slope and curvature were assessed in moving windows of different sizes. The

means for the moving window analysis were then calculated for each plot site.

Values for slope and curvature gave an indication of microtopography and surface

roughness across the site.

A one-way analysis of variance (ANOVA) (Gelman et al., 2005) was calculated

on the extracted estimates for cover and microtopography. These were grouped

by the qualitative assessments for understorey and vegetation type.
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(a) 50 cm window

(b) 100 cm window

(c) 150 cm window

(d) 200 cm window

(e) 250 cm window

Figure 6.11: Different moving window sizes of 50 cm (a), 100 cm (b), 150 cm

(c), 200 cm (d) and 250 cm (e) for Ampfield 03 (10 by 50 m) show that

increasing the moving window size ‘smooths’ the surface roughness.
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6.3 Results

6.3.1 Understorey cover estimation

Correspondence was seen between qualitative cover estimates and estimates ex-

tracted through TLS processing and analysis, with low, medium and high under-

storey sites showing average cover estimates of 31.9%, 57.3% and 65.6% respec-

tively. Results for area and volume estimates can be seen in table 6.1 with box

plots of the results shown in Figure 6.12. The difference in mean cover estimates

for the three groups (where n=11, 14 and 15 for understorey groups 0, 1 and

2 respectively) was statistically significant for 2D area (F2,39 = 28.13, p<0.05),

3D area (F2,39 = 27.14, p<0.05) and volume (F2,39 = 28.82, p<0.05).

For high deer and low deer sites the mean cover estimates were 54.4% and 51.4%

respectively. The mean 3D volume estimates for high deer and low deer sites

were 1,165 and 1,384 m3 respectively. The results for 2D area, 3D area and

volume showed no significant difference between high and low deer density sites.

The results follow expectations that increased understorey vegetation material

(as assessed qualitatively) will result in increased understorey cover estimates.

Table 6.1: Area and volume comparisons for different forest plot types

extracted through TLS analysis.

Plot type area 2d

(m2)

area 3d

(m2)

volume

(m3)

cover (%)

high deer 272.1 1164.7 50.8 54.4

low deer 257.2 1383.4 51.6 51.4

low understorey 159.4 714.4 25.4 31.9

medium understorey 286.4 1224.5 51.6 57.3

high understorey 328.1 1708.8 71.7 65.6

all plots 267.1 1265.8 51.9 53.4

Looking at individual cover estimates (individual plot results are given in Ap-

pendix C.3 Table C.7) the minimum cover estimated was 11.3% for the test site

at Ellenden Wood. This was a test site that was visually assessed as having very

little vegetation understorey. The maximum cover was estimated at 81.4% for

Wyre NNR plot 3, this site had been visually assessed as having high levels of

understorey vegetation. A visualisation of this difference is shown in Figure 6.13

where the area coverage and volume contrasts between the two sites can easily

be seen.

The minimum cover estimate of 11.3% from Ellenden Wood compares to a likely

assessment of cover using traditional methods of close to 0%. This difference can

be explained by the presence of woody material contributing to cover estimates
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(a) 2D area grouped by deer density (b) 2D area grouped by understorey

(c) 3D area grouped by deer density (d) 3D area grouped by understorey

(e) volume grouped by deer density (f) volume grouped by understorey

Figure 6.12: Deer density does not show any significant difference in the

results for 2D area (a), 3D area (c) or volume (e). Results sorted by qualitative

assessment of understorey cover (grouped into 0 - low, 1 - medium and 2 - high)

show significant differences for 2D area (b), 3D area (d) and volume (f)
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(a) Ellenden (b) Wyre NNR 03

Figure 6.13: 3D surface results for plot sites with different levels of understorey

cover as extracted through TLS. Cover estimates for Ellenden (a) and Wyre

NNR 03 (b) were 11.3% and 81.4% respectively. Surfaces are coloured by height.

using the TLS approach (Figure 6.14).

6.3.2 Microtopography and surface roughness

Correspondence was seen between qualitative understorey cover and vegetation

type assessments and mean slope and curvature estimates extracted through TLS

processing and analysis. Similar to results for cover estimation, no correspon-

dence was seen between extracted microtopography and deer density. Box plots

showing the mean curvature and slope values (extracted from a 0.5 m moving

window), grouped by deer density, understorey cover and vegetation type can

be seen in Figure 6.15.

Looking at the p values from ANOVA results for different moving windows sizes

(0.5, 1.0, 1.5, 2.0 and 2.5 m) for extraction of mean slope and curvature, it

was seen that decreased p values were observed using a 0.5 m moving window.

This suggests that a finer scale approach to understorey analysis may be more

appropriate when examining microtopography. Full statistical analysis results

can be found in Appendix C.3 Table C.9.

The difference in extracted microtpography (using a 0.5 m moving window to

calculate mean values) for the three understorey cover groups was statistically

significant for curvature (F2,39 = 21.590, p<0.05) and slope (F2,39 = 36.368,

p<0.05). The difference in extracted microtopgraphy for the six vegetation type

groups (where n=8, 3, 11, 3, 7 and 8 for understorey groups 0, 1, 2, 3, 4, 5 and

6 respectively) also showed a significant difference for curvature (F5,36 = 4.831,

p<0.05) and slope (F5,36 = 8.101,p<0.05).
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(a) Ellenden plot photo (b) 3D point image

(c) 2D height surface (d) 3D height surface

Figure 6.14: Understorey estimates using TLS at Ellenden Wood gave a result

of 11.3% cover, showing probable over estimates due to non-vegetation material

being included in the results. The plot photograph (a) shows Ellenden Wood

where there is very little understorey vegetation combined with large amounts of

stem material. The stem material is present in the point cloud (b), after

processing (c) and in the final 3D TIN surface (d).

120



Chapter 6. The estimation of understorey cover and
microtopography through terrestrial laser scanning

(a) mean curvature (b) mean slope (c) std slope

(d) mean curvature (e) mean slope (f) std slope

(g) mean curvature (h) mean slope (i) std slope

Figure 6.15: Deer density does not show any significant difference in the

results for mean curvature (a), mean slope(b) or standard deviation of slope (c).

Results for understorey cover show significant differences for mean curvature

(d), mean slope (e) and mean standard deviation of slope (f). Results grouped

by vegetation type also show significant differences between groups for mean

curvature (g), mean slope (h) and standard deviation of slope (i).
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Examining the full microtopography values across the plot sites (Appendix C.3

Table C.8) the results followed expectation with a relationship seen between in-

creased vegetation levels and increased mean slope and curvature values. The

plot site showing the smallest values for mean slope, mean curvature and mean

standard deviation of slope was Ellenden with values of 9.2, 6.8 and 11.5 respec-

tively. Ellenden shows very little understorey vegetation. In comparison Pole

Lees 02 has mean slope, mean curvature and mean standard deviation of slope

of 51.2, 31.2 and 23.3, respectively. Pole Lees 02 is classified as having high

amounts of cover with tall, mixed vegetation. The differences in microtopgraphy

surfaces for Ellenden and Pole Lees 02 can be seen in Figure 6.16.
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(a) slope

(b) curvature

(c) slope

(d) curvature

Figure 6.16: The mean of slope and curvature (using a 50 cm moving window)

show reduced values where very little understorey vegetation is present. Pole

Lees 02 is classified as having tall, mixed vegetation and Ellenden Wood

classified as having very little understorey vegetation. The difference in

understorey characteristics between the two sites are visible in the moving

window rasters for Pole Lees 02 (a - slope, b - curvature) and Ellenden (c - slope,

d - curvature), where Ellenden shows reduced values compared to Pole Lees 02.
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6.4 Discussion

6.4.1 Can TLS be used for the estimation of the horizontal

distribution of understorey vegetation cover within forest

plots?

The extraction of understorey cover estimates through TLS corresponds to quali-

tative assessments of understorey characteristics made from plot site photographs

(Table 6.1). Through the use of 5 cm x 5 cm surface processing it may be pos-

sible to provide a much finer grade of cover estimates compared with the use of

classification groups as outlined by Reich et al. (2012). TLS can also provide

further understorey metrics such as total 3D surface and understorey volume,

measurements that are not commonly collected using traditional methods.

It was seen that deer density did not have a significant effect on the estimation

of understorey cover (2D and 3D) or volume as extracted from surface mod-

elling. It was only through the use of understorey cover groups that a significant

difference was seen within the results. This suggests that although deer may

reduce understorey vegetation, they may not remove it completely. This follows

results presented by Hegland et al. (2013) where herbivory caused an increase in

low-level growth due to the removal of high growing vegetation

6.4.2 Are any novel understorey measurements available?

The novel use of 3D modelling across understorey vegetation layers, using meth-

ods similar to those developed for hydrology and geomorphology, was used to

extract surface slope and curvature properties that identified relationships be-

tween understorey surfaces and vegetation type. Using microtopography esti-

mates from understorey point clouds it was shown how those areas of low un-

derstorey complexity (with regards to understorey vegetation) showed decrease

means of slope and curvature compared to plot sites with increased understorey

complexity (Figure 6.16). This suggests that correlation between understorey

structure (and therefore habitat type) and the microtopography of vegetation

surfaces may be used for detailed assessment of understorey structural charac-

teristics through TLS.

The results for microtopography showed a positive correspondence between both

the slope and curvature values of understorey surfaces and the understorey cover

and vegetation type (Figure 6.15). This suggests that as understorey cover

increases and vegetation type moves from very little vegetation to mixed, tall

124



Chapter 6. The estimation of understorey cover and
microtopography through terrestrial laser scanning

vegetation, the slope and curvature of understorey surfaces change. This is to

be expected as a flat surface (very little vegetation) would be expected to have

slope and curvature values different to those for a surface with multiple objects

(mixed vegetation).

The use of this novel extraction technique has the potential to increase the

understanding of how the texture of forest surfaces (both at the ground level

and further into the understorey) may affect forest communities. Ground level

vegetation (and additional features such as woody debris) provides habitat and

forage for multiple animal species (Sabatini et al., 2014) with understorey struc-

ture affecting animal-habitat associations. The spatial patterns within ground

level vegetation can also provide information on processes operating within un-

derstorey communities (Scheller and Mladenoff, 2002). It is reasonable to think

therefore that structural surfaces, being a product of the spatial patterns created

by a combination of vegetation and forest objects, would also show correspon-

dence with animal-habitat associations and understorey processes. Only through

fine-scale 3D modelling of these surfaces will relationships be found, it is here

that TLS has an important role.

Through the creation of understorey mircotopography surfaces (Figure 6.16)

distinct areas of microtopography can be identified. An example being how in

Figure 6.16d the majority of the site shows low slope values with small group-

ings of high slope values. These distinct zones of difference within the under-

storey microtopgraphic surface may provide information on how understorey

processes operate within different forest sites. This is similar to how surface

roughness estimates of forest canopies are used to model the interactions across

the biosphere-atmosphere interface (Maurer et al., 2013).

This form of analysis using fine-scale assessment of different surfaces within the

understorey is only possible through the use of high resolution 3D modelling and

could not be performed using traditional forest ecology methods.

The use of TLS for understorey cover estimates also provides an opportunity to

collect cover surveys throughout the year regardless of forest state. This is not

the case using ALS as increased foliage levels during leaf-on seasons can reduce

the accuracy of aerial cover estimates (Wing et al., 2012).

A source of error in TLS estimations of understorey cover is the presence of

non-vegetation material within the surface used for area calculations. In this

trial non-vegetation material was removed through the combination of different

surfaces highlighting likely sources of solid material. Whilst removing stems that
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provide point returns up to a height of 1 m, the method was not as successful

in removing non-vegetation materials at lower levels such as low lying branches

or dead wood. The presence of this material was then included within the cover

estimates resulting in a bias toward increased cover.

Figure 6.14 is representative of the error source of overestimation of cover for El-

lenden wood. Non-vegetation material such as small stems and branches remain

within the extracted cover surface after initial removal of likely non-vegetation

material (Figure 6.14 (c)). This will bias the results towards over-estimation

of cover. As this would be expected to occur in all plot sites, at this time the

method may be best described as a relative cover estimation, or be taken with

an appropriate awareness of error.

The vertical and horizontal geospatial components of forest structure are com-

mon measures recorded by forest ecologists when considering the 3D arrangement

of forest. With the introduction of time, the 4D measurement of forest structure

is possible. The following chapter will examine the use of TLS for the assessment

of temporal change within forests.
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7.1 Introduction

Forests are composed of multiple structural and functional components that

combine to create unique habitats fuelling forest biodiversity and productivity

(Paquette and Messier, 2011). These components are highly complex and are in

a constant state of change. Structural and compositional changes occur within

forests in different ways as forests mature. These include the progressive al-

teration of forest structure known as succession (from the initial stages, where

fast growing saplings struggle for resources, to the dominance of stable, large

trees) and cyclical change where plant communities return in the same place

at intervals (Grime, 2006). Temporal changes within forests are hugely impor-

tant to multiple forest characteristics such as biomass, productivity and diversity

(Shugart, 1984). For this reason the study of change in forests is of fundamental

importance to forest ecology (Pickett et al., 1987; Connell and Slatyer, 1977).

Temporal changes are influenced by any number of factors such as light availabil-

ity, soil composition and water availability. In addition, structural and compo-

sitional changes within forest can also be brought about by disturbances within

a forest including logging, storm damage, browsing or fire.
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Change within forest can be considered at multiple temporal scales along the

successional sequence, including: (1) the relatively brief life-cycles of grasses

and wildflowers soon after a disturbance; (2) fast growth of sun-seeking pioneer

species (first trees to grow after a disturbance); and (3) slow growth of long-lived

late successional species. As a forest moves along the successional sequence, dis-

turbances may occur that have the effect of reversing succession, such as when

a storm fells large, late-successional species creating canopy space and increas-

ing light penetration. In contrast, management practices or pest infestations

may accelerate succession, such as through the removal of pioneer species which

encourages late-successional species growth.

In addition to temporal change defined by movement along the successional se-

quence, cyclical changes brought about by seasonal variations are an important

factor when considering temporal dynamics of forest ecosystems. Examples in-

clude the seasonal variation of species richness and diversity seen within the

herbaceous understorey (Murphy and McCarthy, 2014) and the variability of

understorey light availability due to seasonal patterns (Ross et al., 1986; Messier

et al., 1998). Seasonal variations within the structural components of forests in-

clude the decrease in leaf area index (LAI) observed in deciduous forests caused

by leaf abscission and the reduction of material within the herbaceous layer

during the winter months.

Temporal variations in forests have been assessed in numerous ways using tradi-

tional survey methods including estimates from forest inventory surveys (Van-

derwel et al., 2013), direct field measurements at sample plots (Fang et al., 2001;

Hember et al., 2012) and tree ring cores (Ŕıo et al., 2014). These methods have

primarily focused on the growth rate of trees from which further measures were

extracted such as production and carbon storage. These surveys can be con-

sidered to be at a single tree to plot level spatial scale, and as focusing on the

slow growth of long-lived late successional species. Furthermore, field data are

commonly collected no more than once a year (low temporal resolution).

Multiple larger scale temporal assessment surveys (regional to global) have re-

cently been performed using aerial and satellite remote sensing. These include

assessing phenology within temperate forests (White et al., 2014; Guyon et

al., 2014; Liu et al., 2015), biomass estimations (Goetz and Dubayah, 2011;

Réjou-Méchain et al., 2015) and forest stability and disturbance assessments

(Keersmaecker et al., 2014). Remotely sensed data collected by orbiting satel-

lites can have the advantage of relatively short breaks between acquisition lead-

ing to high temporal resolution. For example, studies using Landsat imagery
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(e.g. fu2014estimating ) can employ data sets collected every 14 days to build

fine-scale temporal models.

Terrestrial laser scanning (TLS) has the advantage of collecting data below the

canopy and at high resolution (millimetre accuracy and point spacing achiev-

able). Liang et al. (2012) presented a method for fully automated change de-

tection in forests using TLS data where 90% of stems that had been harvested

were automatically detected between temporal scans. This study concluded

that TLS offered an effective method for assessing forest growth and mortal-

ity rates. Kaasalainen et al. (2014) demonstrated how TLS could be used for

detecting quantitative change in tree biomass, volume and structure, showing

that changes in tree branching structure can be reproduced with about ±10%

accuracy. Griebel et al. (2015) tested the use of a low cost TLS for estimating

plant area index (PAI) (defined as the single sided plant area per unit ground

area), with daily scans being taken over a period of two years. Results from

this trial showed strong agreement when compared with monthly hemispherical

images (± 0.1 PAI) and concluded that collecting three-dimensional laser scan

data had strong advantages over traditional two-dimensional PAI estimations.

The work undertaken so far using TLS for temporal change detection in forests

has primarily focused on forestry applications assessing timber and tree vari-

ations. It is difficult to find research relating to temporal change assessment

using TLS of forest specifically targeted at forest ecology surveys within the un-

derstorey, such as characterising foliage levels or changes within the vegetation

layer. Gupta et al. (2015) investigated the use of TLS for measuring the effects of

fire damage on understorey vegetation through the estimation of above ground

height. The study concluded that the method provided a novel approach to

understorey mapping when assessing change within forest plots, but it did not

present measures of forest structure relevant to forest ecologists.

The aim of this study was to address the questions: Can TLS be used to measure

temporal change within the understorey for applications in forest ecology? (2) if

so, what are the requirements for understorey temporal surveying (work flows)?

and (3) are any novel temporal assessments available?

It was expected that the seasonal changes seen within forest structure (reduction

of understorey and foliage material in winter) would be present within the TLS

extracted data sets.
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7.2 Methods

Through construction of a permanent trial site the application of TLS for tempo-

ral assessment of forest could be tested. Using the structural assessment methods

outlined previously in Chapters 4, 5 and 6, the vertical component, understorey

density profiles and understorey cover estimates were calculated for three sur-

veys carried out over the length of a year. The temporal surveys took place in

summer (leaf-on), winter (leaf-off) and the following summer (leaf-on).

Using surface deformation monitoring techniques commonly applied in fields

including geomorphology (Wilkinson et al., 2015) and engineering geology (Hu et

al., 2015), novel temporal change assessment within the understorey vegetation

layer were conducted. Through the use of temporal microtopographic surfaces,

deformation maps (which in this application may be described as understorey

vegetation change maps) were generated to help describe the structural changes

seen in understorey vegetation.

7.2.1 Site description

Permanent TLS survey subplots were installed within a previously constructed

ecological survey area in Kirton Wood (SSSI), Nottinghamshire. Full details of

the site can be found in Chapter 3.

7.2.2 Permanent survey plots

For this trial three permanent TLS survey subplots were established within the

previously constructed ecological survey area at Kirton Wood. The three trial

subplots were chosen to be non-contiguous allowing for work to be completed

with minimal trampling. To reduce disturbance within the ecological survey area

the subplots were selected as the corner grids of the existing ecological survey

site (Figure 7.1).

Permanent survey control points were installed at each subplot to allow the accu-

rate transformation of laser scan point clouds into the same coordinate reference

system (CRS) at each survey location. With each subplot having its own CRS,

direct comparison between temporal surveys was possible.

For the permanent control points two earth anchor markers were buried at each

subplot to a depth of 0.5 m (Figure 7.2). One marker was positioned in the

centre of each subplot and one outside at a distance of approximately 1.5 m from

the edge. The use of tripod mounted FARO traverse spheres positioned over the
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Figure 7.1: Ecological survey area within Kirton Wood.

Existing grid squares with laser scan test sites coloured green. The survey area

measures 50 by 50 m (general location details given in Chapter 3, Figure 3.1).

control points allowed for the accurate location of the permanent markers within

the temporal laser scan point clouds.

(a) ground anchor (b) tripod mounted survey sphere

Figure 7.2: Temporal surveying was made possible through

the installation of permanent survey ground markers (a) and

the use of tripod mounted target spheres (b), allowing

independent laser scans to be transformed into the same

coordinate reference system.

7.2.3 Data collection

The laser scan data used for this trial were collected over a twelve month pe-

riod from June 2013 to June 2014. Data were collected during three survey

visits encompassing seasonal change: (1) summer (27 June 2013); (2) winter (21
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February 2014); and (3) summer (25 June 2014).

Survey data were collected using a FARO Focus 3D (120) TLS instrument. Full

specifications can be found in Chapter 3. For referencing of scans two FARO tra-

verse spheres were used. The traverse spheres are large (ø 100 mm), painted with

a matt reflective paint (giving a very strong return value) and can be tribrach

(a survey grade bracket) mounted on tripods allowing for accurate positioning

and levelling over known points.

7.2.4 Data transformation

In ecological surveys the fundamental vertical datum is the ground surface, with

estimates of tree height and understorey depth given as the height above ground.

When assessing temporal surveys for ecological studies in this trial a single dig-

ital terrain model (DTM) for each subplot provided the most effective way of

assessing temporal change with respect to the ground surface.

Generation of accurate DTM surfaces from TLS surveys is dependent on the

density of the vegetation at the survey site, with thick vegetation obscuring the

ground and increasing the likelihood of errors in the terrain surface (Fan et al.,

2014; Jalonen et al., 2015). With vegetation levels decreased in winter, the

winter survey was considered the most appropriate temporal scan to use for the

creation of a DTM in this study.

To allow the accurate transformation of all surveys into the CRS of the winter

survey, the centroid coordinates of the FARO traverse target spheres were used

as fixed points between scans, with the targets being accurately positioned over

the ground control for every survey. FARO Scene software (Pueschel, 2013) was

used to model the traverse spheres in the winter survey and extract the XY

planar coordinates of the centroid. These coordinates were then used as known

points for the centroid of the corresponding sphere in both the summer surveys.

To determine the height of the target spheres a height hook measuring tape was

used to obtain the height of the tribrach above the ground anchor. This was

then added to a fixed distance from tribrach to sphere to provide a value for the

height of the sphere centroid above the ground anchor (Figure 7.3). In this way

the coordinates of the centroid of the target spheres from all temporal surveys

were determined in the same CRS. Registration was then performed using FARO

Scene (Figure 7.4).

All surveys were registered with only minor errors. Baseline distances between

registration spheres positioned over the fixed ground anchors were measured and
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Figure 7.3: Measuring the height of the target centroid above the ground

anchor.

(a) individual seasonal surveys (b) a single CRS containing all

three seasonal surveys

Figure 7.4: Processing point clouds into the a single CRS allows for a common

vertical datum to be used. Three surveys (winter, summer, winter) cannot be

compared directly in their own, unique CRS (a). Combining the three surveys

into a single CRS (b) allows for direct comparison between surveys.
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compared for each survey (Table 7.1). The maximum error seen between tar-

get baselines distances was 7 mm with the maximum standard deviation of the

baseline distance being 4 mm. The registration errors seen within all temporal

surveys fall within acceptable levels, with 7 mm planimetric errors not consid-

ered significant in ecological studies when positioning stems (Freeman and Ford,

2002).

Table 7.1: Errors within baseline distances between control points for different

surveys. The maximum error was 7 mm seen between summer 2013 and summer

2014 survey in plot A1.

sub plot
control point baseline distance (m)

std (m)
summer 2013 winter 2014 summer 2014

A1 6.125 6.129 6.132 0.004

E1 10.092 10.090 10.090 0.001

E5 7.268 7.267 7.262 0.003

With all subplot point clouds transformed to the same CRS, voxelisation and

correction to the DTM were carried out using the methods outlined in Chapter 3.

7.2.5 Data processing

The data processing steps used here for assessing vertical component, under-

storey density and understorey cover follow the methods outlined previously in

Chapters 4, 5 and 6, respectively. Data were processed for each survey with

temporal assessments carried out using these results.

For the assessment of novel understorey vegetation change maps, a series of

surface difference calculations were performed between temporal surveys at in-

dividual subplots. The source data for the change maps were the triangulated

irregular network (TIN) data sets created as part of the understorey cover es-

timates. Using the 3D Analyst library within ESRI ArcMap (Reuter and Nel-

son, 2009), surface difference maps were created describing areas where the TIN

surface had: (1) decreased; (2) increased; and (3) remained the same between

temporal surveys.

7.2.6 Analysis

The data analysis steps used here for assessing the vertical component, under-

storey density and understorey cover follow the analysis methods outlined pre-

viously in Chapters 4, 5 and 6, respectively.

134



Chapter 7. The use of terrestrial laser scanning for assessment
of temporal change within forest understorey

7.3 Results

7.3.1 Vertical to non-vertical index

All data were processed across height bands 50-200 cm. The temporal surveys

are labelled as summer 2013 (I), winter 2014 (II) and summer 2014 (III).

The surveys taken during winter 2014 at plots A1, E1 and E5 show decreased

VNVI values when compared to those from the summer 2013 survey (Table 7.2),

representative of an decrease in the relative amount of non-vertical (foliage)

material during the winter survey.

The VNVI values increase from winter 2014 to summer 2014 for subplots E1 and

E5, this represents an increase in the relative amount of non-vertical (foliage)

material. When looking at the winter 2014 and summer 2014 survey for plot A1,

the increase in VNVI is not observed. For this survey the mean VNVI values

for summer and winter were -0.439 and -0.417 respectively, showing the summer

survey tending towards vertical dominance.

For all subplots the highest values of VNVI were seen within the summer 2013

survey (Figure 7.5), representative of an increase in foliage amount during the

summer 2013 survey.

Table 7.2: VNVI values across temporal surveys for trial plots A1, E1 and E5.

Extracted values (min, max, mean, std) are for 10 cm height bands within the

50-200 cm analysis zone.

survey subplot min

VNVI

max

VNVI

mean

VNVI

std

VNVI

Summer 2013

A1 -0.509 0.027 -0.276 0.181

E1 0.078 0.697 0.260 0.136

E5 0.010 0.628 0.277 0.163

Winter 2014

A1 -0.582 -0.274 -0.417 0.094

E1 -0.447 -0.090 -0.270 0.101

E5 -0.531 -0.164 -0.359 0.120

Summer 2014

A1 -0.677 -0.193 -0.439 0.151

E1 -0.130 0.263 0.015 0.113

E5 -0.026 0.379 0.155 0.108

7.3.2 Understorey density profile

The understorey density profiles across all three subplots show the winter 2014

survey as producing a decrease in material observed compared against the sum-

mer 2013 and 2014 surveys (Figure 7.6). Both subplots A1 and E1 show max-

imum density of material within the summer 2014 survey. Subplot E5 shows

135



Chapter 7. The use of terrestrial laser scanning for assessment
of temporal change within forest understorey

(a) subplot A1 (b) subplot E1

(c) subplot E5

Figure 7.5: Temporal assessment of the vertical to non-vertical ratio for

individual subplots shows that the winter 2014 survey shows a tendency towards

dominance of vertical components in subplots E1 and E5 when compared to

summer 2013 and summer 2014 surveys. Subplot A1 shows decreased variation

between seasonal surveys when compared against subplots E1 and E5.
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summer 2013 having the maximum density values.

All three subplots show similar adjusted returns across temporal surveys from

150 cm down to where understorey vegetation starts. This is at approximately

40 cm, 60 cm and 60 cm for subplots A1, E1 and E5 respectively. Below this

height there is a clear increase in understorey density of objects in the summer

surveys compared against winter.

(a) subplot A1 (b) subplot E1

(c) subplot E5

Figure 7.6: Understorey density profiles for individual subplots over temporal

surveys show that the winter and summer surveys have similar point return

numbers from 60-150 cm. Below 60 cm the summer surveys show a sharp

increase in point returns (density), indicative of increased vegetation close to the

ground level during the summer.

7.3.3 Understorey cover

Results for the understorey 2D area, 3D area and volume estimates can be seen

in Table 7.3 and Figure 7.7. For all subplots the 2D area, 3D area and volume

estimates are greatly reduced in the winter 2014 survey compared against both
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summer surveys. Subplots E1 and E5 show similar 2D area, 3D area and volume

estimates estimates for summer 2013 and summer 2014, with subplot A1 showing

an increase in 2D area, 3D area and volume estimates between summer 2013 and

2014.

Table 7.3: Understorey cover estimates for temporal surveys across trial plots

A1, E1 and E5.

survey subplot area 2D

(m2)

area 3D

(m2)

volume

(m3)

Summer 2013

A1 47.8 196.7 8.4

E1 72.2 339.8 18.0

E5 74.6 349.1 18.2

Winter 2014

A1 12.7 48.0 1.5

E1 18.6 71.9 2.0

E5 17.5 56.4 1.7

Summer 2014

A1 62.4 228.7 11.6

E1 77.7 335.0 20.0

E5 75.4 343.8 17.3

7.3.4 Understorey microtopography

Results for the microtopography analysis can be seen in Figures 7.8 and 7.9.

There is a reduction in the mean of slope values in winter 2014 compared against

both summer surveys. Whereas, the standard deviation of slope values remains

similar across all surveys for all three subplots, suggesting surface roughness does

not change between surveys.

Temporal volume changes as calculated from the microtoplogy surfaces can be

seen in Table 7.4. Here it is seen that 3D volumes as described by the surface

all decrease from summer 2013 to winter 2014 and then increase from winter

2014 to summer 2014. Surface change maps showing net gain and net loss over

time for all subplots are shown in Figure 7.10. from these it was seen that from

summer to winter there was an overall net loss of material and from winter to

summer there was a net gain. From summer to summer there were equal areas

of net gain and loss.
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(a) Area 2D (b) Area 3D

(c) Volume

Figure 7.7: 2D area, 3D area and volume results for all subplots show reduced

values for the winter survey when compared against the summer surveys,

indicative of a decrease in vegetation material within the understorey during the

winter.

Table 7.4: Volume changes for temporal surveys across trial plots A1, E1 and

E5.

survey comparison subplot volume change (m3)

summer 2013 to winter 2014

A1 -6.885

E1 -15.907

E5 -16.509

winter 2014 to summer 2014

A1 +10.109

E1 +17.939

E5 +15.532

summer 2013 to summer 2014

A1 +3.182

E1 +2.006

E5 -0.992
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(a) subplot A1 (b) subplot E1

(c) subplot E5

Figure 7.8: Mean of slope values across different subplots (A1, E1, E5)

grouped by survey all show a significant difference in the mean slope values

between the summer and winter surveys. This is indicative of different

microtopographic properties between summer and winter.
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(a) subplot A1 (b) subplot E1

(c) subplot E5

Figure 7.9: Standard deviation of slope values across different subplots (A1,

E1, E5) grouped by survey do not show a significant difference in the standard

deviation of slope values between the summer and winter surveys. This is

indicative of similar surface roughness properties across seasonal surveys.
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Figure 7.10: Understorey change maps for subplots with comparisons between

summer 2013 and winter 2014, winter 2014 and summer 2014, and summer 2013

and summer 2014. Between summer and winter surveys an overall net loss is

seen. Between winter and summer surveys an overall net gain is seen. Summer

to summer surveys show equal gain and loss of material.
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7.4 Discussion

7.4.1 Can TLS be used to measure temporal change within the

understorey for applications in forest ecology?

TLS data collected in a dedicated survey plot using permanent ground control

have been used to measure temporal change within the vertical component, un-

derstorey density and vegetation cover of forest plots. As Griebel et al. (2015)

noted, TLS offers clear advantages over traditional methods of temporal forest

survey through its ability to collect 3D data. This approach offers a relatively

quick, efficient, non-destructive assessment. The use of a standardised method-

ology, utilising a common digital terrain model (DTM) and fixed ground control

across all temporal surveys, as described here, provides a framework from which

further data can be acquired.

All of the results showed correspondence between season of survey and struc-

tural features extracted through TLS. The estimations of understorey vertical

components, vegetation density and cover all followed expectations of a reduc-

tion in foliage and ground level growth during the winter due to leaf abscission

and vegetation die back. This can be seen in the reduction in mean vertical to

non-vertical index, mean understorey point returns and cover estimates within

the winter survey when compared against both summer surveys. This highlights

the potential of TLS to provide new analysis techniques for the assessment of

structural change with time, relevant to forest ecology studies.

Once permanent control has been installed the TLS method can provide a much

finer temporal scale for forest surveys, where traditional temporal surveys using

tree cores or diameter measurements are not taken more than once a year (Fang

et al., 2001; Hember et al., 2012; Ŕıo et al., 2014).

Looking at the results for VNVI extraction there is a clear reduction in the

non-vertical component during the winter survey when compared to the summer

surveys for subplots E1 and E5. Subplot A1 shows similar VNVI values across

all three temporal surveys. This raises the question, what is causing the vertical

component to remain the same within subplot A1 across the temporal surveys.

Potential reasons include: (1) increased vertical proportion caused by increased

non-vertical material within vertical voxels; or (2) increased vertical proportion

caused by low quantities of non-vertical material. The first possibility implies the

result is a methodological artifact and cannot be excluded. The second possibility

is that the result is a consequence of differences in non-vertical component within
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subplot A1 compared to subplots E1 and E5.

Examining the understorey density profiles from adjusted point counts (Figure

7.6), the difference between subplots A1, E1 and E5 identified in VNVI assess-

ment is not present. With adjusted point count remaining similar across all

subplots and temporal surveys, this shows there wasn’t an increase in the vol-

ume of objects within subplot A1 during the summer survey when compared

against subplots E1 and E5. With similar object densities (adjusted return

counts) within all point clouds, it is sensible to assume that VNVI similarities

seen in plot A1 are due to differences in non-vertical component. If the decrease

in VNVI within summer surveys was due to an increase in non-vertical material

within vertical voxels, a corresponding increase in return count would also be

expected.

7.4.2 What are the requirements for understorey temporal sur-

veying?

The trial outlined here used permanent control markers to provide common

points between temporal surveys. It is the use of accurate ground control that

provides confidence in the temporal assessment.

An alternative method of referencing scan data to the same CRS was considered

(the iterative closest point (ICP) algorithm). This process uses common surface

geometry within scan data sets to provide fixed points used for registration and

is commonly used for mobile laser scanning systems (Ryding et al., 2015). This

was not chosen for this trial however, as using surface geometry to reference data

was not thought to be a practical solution when it was the movement of surface

geometry (due to temporal change) that was being assessed.

Errors in digital terrain models can be caused by dense vegetation. These errors

would then propagate into any analysis based on heights derived from the DTM.

Through using a single DTM generated in winter and transforming all summer

data into this system, the errors caused by dense vegetation would be reduced.

This method does introduce possible transformation errors when bringing all

data into the a common coordinate reference system (CRS). Based on existing

studies on DTM errors due to vegetation (Fan et al., 2014; Jalonen et al., 2015)

and those examining transformation errors in point clouds (Becerik-Gerber et

al., 2011), it was felt that the minimum error would be introduced through

transformation errors, if care was taken to position the targets accurately at

each survey.
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7.4.3 Are any novel temporal assessments available?

Using a TLS approach allows for the fine scale measurement of structure in

forest vegetation with respect to cyclical changes brought about by the sea-

sons. This includes the novel creation of temporal change maps (Figure 7.10) to

the decimetre level. These change maps show an increased resolution of cover

estimates compared to traditional methods of cover assessment, such as the clas-

sification groups outlined by Reich et al. (2012), but also offer possible insights

into how understorey vegetation changes within a trial site. This can be seen

in the change maps and understorey volume differences produced between the

summer surveys (Figure 7.10 and Table 7.4), where the change maps can be used

to identify areas of net loss and gain of material between temporal surveys.

This form of temporal assessment within forests would be far too time-consuming

and costly to consider using traditional ecology survey methods. In this trial

temporal change maps were created that describe the areas of relative vegetation

growth and reduction across temporal surveys.

The development of a work flow for temporal surveys using TLS allows for a

standardised method of assessing change within forest plots. The extent of these

temporal surveys is still limited to small-scale plot sites. Introducing new meth-

ods of TLS data collection may allow for increased areas of forest to be surveyed.

The following chapter examines the novel use of handheld mobile laser scanning

(HMLS) for the rapid collection of forest point cloud data, greatly increasing

survey speed and resulting in an increase in the point cloud coverage.
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Using handheld mobile laser

scanning for forest surveys

8.1 Introduction1

Recent improvements in the speed, accuracy and affordability of terrestrial laser

scanning (TLS) systems have opened the possibility of major enhancements to

existing studies by providing detailed information on three-dimensional forest

structures (Leeuwen and Nieuwenhuis, 2010). This can be achieved by combining

the results of multiple scans to recreate complex habitats (Lovell et al., 2011;

Dassot et al., 2011). Such new tools allow replicable controlled measures of

many forest features relevant to ecologists, environmental scientists and foresters,

including the dimensions and heterogeneity of canopies, size and distribution of

canopy gaps, leaf area index (LAI – leaf area per unit ground area) and total

surface area of stems and leaves.

At the present time TLS, while demonstrating the potential of the technology,

has been typically used for the measurement of small-scale sample plots within

larger woodland sites. An obstacle to the uptake of TLS for larger-scale forest

monitoring projects is the time and costs associated with building point clouds of

sufficient size to adequately describe the forest environment. With line-of-sight

often limited to several metres, multiple scan locations are required to produce

data sets that can be used for accurate feature extraction (Watt and Donoghue,

2005). This limitation means that a TLS generated point cloud describing an

entire woodland plot of a substantial size is currently too time-consuming and

1This chapter has been modified from Ryding et al. (2015)
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costly to be considered.

Mobile laser scanning (MLS) systems offer a potential solution to the problem of

creating ground-based point clouds with the necessary geospatial extent whilst

maintaining accuracy (Pueschel et al., 2013) and minimising time and cost. MLS

is a technology that uses a navigation module to determine the position of a laser

whilst the laser takes measurements of the environment. A typical MLS system

combines a laser scanning instrument, a moving platform and a positioning and

navigation device such as a Global Navigation Satellite System (GNSS) receiver

and inertial measurement unit (IMU). This configuration limits their use to rel-

atively open environments such as highways and infrastructure corridors. MLS

also often contain large, heavy equipment normally making them only suitable

for vehicle mounted operation and as such they are currently predominantly

mounted on road vehicles for urban mapping (Holopainen et al., 2013), although

all-terrain vehicles have also been tested for the mapping of forests (Yang et

al., 2013a). Liang et al. (2014b,a) have also demonstrated a MLS instrument

mounted on an all-terrain vehicle and as a backpack-carried personal laser scan-

ning system (PLS) for use within forest plots.

In this study the potential for handheld mobile laser scanning (HMLS) to provide

point clouds of similar precision and accuracy to those currently being produced

through TLS applications was explored. An assessment of laser scan survey

times when compared against the field survey method was also carried out. The

survey was completed in a complex, semi-natural woodland stand rather than

managed woodland with roads and paths running through it.

The aim of this proof of concept study was to address four main questions:

(1) Can TLS measurements of forests be replicated using HMLS? (2) does the

use of HMLS provide any advantages in practical ease over TLS or field survey

methods? (3) are any novel measurements available? and (4) what are the

remaining challenges for the application of HMLS in forest monitoring.

8.2 Methods

8.2.1 Instrumentation

The FARO Focus 3D TLS instrument and ZEB1 HMLS instrument were used

during this trial. See Section 3 for full instrumentation details.
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8.2.2 Site description

All data were collected at the permanent survey plot within Kirton Wood (SSSI),

Nottinghamshire. See Chapter 3 for full site details.

For this trial three permanent laser scan survey subplots were established within

the previously constructed ecological survey area at Kirton Wood. The three trial

subplots were chosen to be non-contiguous allowing for work to be completed

with minimal trampling. To reduce disturbance within the ecological survey area

the subplots were selected as the corner grids of the existing ecological survey

site (Figure 8.1).

Figure 8.1: Ecological survey area within Kirton Wood.

Existing grid squares with laser scan test sites coloured green. The survey area

measures 50 by 50 m (general location details given in Chapter 3, Figure 3.1).

8.2.3 Data collection

Scans were taken using the methods outlined in Section 3.

Using these set up specifications an individual subplot area could be surveyed

using the FARO Focus 3D in half an hour (not including set-up time). Whereas,

using the ZEB1 a subplot could be surveyed in less than five minutes.

In addition to the three subplots surveyed using both instruments, the ZEB1

was also used to collect data between subplots A1 and E1 and between subplots

E1 and E5, zones of approximately 500 m2. These data sets were collected to

appraise the ability of the handheld system to quickly produce large point clouds,

with the same area estimated to need over four hours using the FARO Focus 3D.

The trajectory path for this data collection between subplots E1 and E5 can be

seen in Figure (8.2b).

The survey path taken during handheld surveying is critical when considering
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(a)

(b)

Figure 8.2: Trajectory for HMLS survey of (a) subplot A1 and (b) zone

between subplots.

the usefulness of the method for producing point clouds of the required point

accuracy and density. The manufacturers of the ZEB1 state a swath distance

of no more than 30 m. In this trial a swath of 5.0 m was attempted within the

subplot areas. Between subplots A1 and E1 the swath distance widened to 15

m, this was caused by dense understory and ground cover making it difficult to

keep to a fixed survey line.

8.2.3.1 Traditional ecological survey methods

Data were collected one subplot at a time with a team of four ecologists working

over two days in October 2008. Diameter at breast height (DBH) was recorded

in mm using a standard measuring tape for every stem ≤ 1 cm. In addition to

stem DBH, species and status (dead or alive) were also recorded. Stem positions

were calculated using the method of intersection from measurements taken to

two corner markers within each subplot.

8.2.4 Data processing

The data processing times are similar for both the FARO and ZEB1 once the

point clouds have been produced. The FARO registration processing times will
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vary considerably dependent on influences such as density of woodland, location

of targets etc. The ZEB1 registration processing is approximately equal to the

data capture time.

8.2.4.1 FARO Focus 3D

For each sample plot the individual FARO scans were registered using the Scene

laser scanner software (Pueschel, 2013). This is designed for registration and

processing. Filters were used on the point cloud to remove any likely sources of

noise or stray points. Any return with a reflectance value of less than 300 was

removed from the data set, this value being the default filter used to remove point

noise within the Scene software. Reflectance values for the FARO Focus 3D are

given within the range 0 to 2047, which is manufacturer-dependent. Additionally,

for each scan return a distance from a point to its nearest neighbours within the

surrounding area was determined. If over 50% of a point’s neighbouring returns

were at a range of more than 2 cm the return was classified as an outlier and

removed. This is a standard filter used within Scene software for the removal of

stray points.

8.2.4.2 ZEB1

Once the data had been captured using the ZEB1, they were uploaded to the

3D Laser Mapping (3DLaserMapping, 2016) secure servers for processing. The

data were processed on the servers at a timing ratio of 1:1, with five minutes of

data collection taking five minutes to process. The data processing is charged

on a pay-as-you-go basis, based on the distance travelled during data collection.

Subplot A1 was processed online at a cost of £6.08, with the total online pro-

cessing for this trial costing £47.78 (cost in 2014). Once processed the data

were downloaded in the .las delivery format, which is compatible with a variety

of point cloud software. The returned data were in a local coordinate reference

system (CRS) based on the start position of the survey.

A condition value along the ZEB1 survey path is also provided through the on-

line processing. This is a value calculated during ZEB1 processing representing

the correspondences created during the matching process and relates to the qual-

ity of the matching in the output point cloud. It takes into consideration the

orientation and compatibility of the correspondences used and can be taken as

an indication of how reliable the matching process has been throughout data

collection. A poor condition is considered to be a value under 0.2. For this
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trial condition values ranged from 0.5 to 0.8 therefore the quality of the matched

points was considered high.

8.2.4.3 Transformation to local coordinate reference system

For this study the local coordinate system of the ZEB1 point cloud became

the reference for comparison with the FARO point cloud, allowing for direct

comparison of the two lidar data sets within the same model space. To enable

co-registration all points on the survey spheres from the ZEB1 point cloud were

isolated and modelled enabling a centroid coordinate to be determined. This was

completed using the Leica Cyclone software (Eitel et al., 2013). The centroid

coordinates were then used as control points for registering the scans.

Results for the co-registration can be seen in Table 8.1. Subplots A1 and E1

show mean distance errors of 4 and 3 mm respectively, subplot E5 shows mean

distance errors of 16 mm. Registration errors for the three subplots all fall

within acceptable levels with 16 mm planimetric error not considered significant

when positioning stems in ecological studies (Freeman and Ford, 2002). The

variation in co-registration errors does however highlight the importance of re-

dundancy when registering scans using targets (Becerik-Gerber et al., 2011; Alba

and Scaioni, 2007). Only three common survey spheres could be modelled be-

tween scan locations for subplot E5, giving little redundancy, whereas for both

subplots A1 and E1 five common survey spheres were successfully modelled.

Table 8.1: Co-registration errors using sphere centroid coordinates.

Subplot No. control

points

mean distance

error (mm)

min distance

error (mm)

max distance

error (mm)

A1 5 4 2 6

E1 5 3 1 15

E5 3 16 9 40

8.2.5 Feature extraction

The process of surface creation and adjustment was automated through the use

of a Python script utilising the spatial analyst library of ESRI Arcmap. This

allowed the registered point cloud from both the FARO and ZEB1 data sets to

be processed identically (Figure 8.3). A digital terrain model was created first

and all heights adjusted to height above ground. Slices were taken through each

subplot data set at heights from 1.2 m and 1.4 m. Stem mapping and DBH

estimations were then performed on these 20 cm slices.
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Figure 8.3: Workflow for data collection and processing during HMLS trial

Leica Cyclone software was used to model the stems from which centroid estima-

tions and DBH values could be extracted. Using the sliced data sets, cylinders

were fit to all stem objects for both FARO and ZEB1 data sets. This was a

manual process. Each cylinder was then isolated and its DBH and centroid at

1.3 m above ground determined.

8.2.6 Comparison with historic field data

For comparison of laser scan derived values against the stem centroid and DBH

estimations from 2D historic field data, a translation and rotation to align with

the data sets was necessary. This was a manual process with identical translation

and rotation values applied to both the ZEB1 and FARO data sets.

8.2.7 Analysis

For the analysis of results the ZEB1 dataset was evaluated against the FARO,

which was considered to be the control model. This provides a direct comparison

of the HMLS and TLS approaches to forest surveying. The time taken and

resultant survey coverage for both laser scan methods and the field survey were

also assessed.

The results of the stem modelling were assessed on objects that could be iden-

tified in the FARO data set. Omission differences are where stems are present

in the control data set, but not in the model. Commission differences are those

where stems are not present in the control, but are in the model (Desclée et al.,

2006).
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Accuracies of the stem mapping and DBH estimations were gauged using root

mean squared error (RMSE), relative RMSE, bias and relative bias:

RMSE =

√∑n
i=1(Xobs,i −Xcontrol,i)2

n
(8.1)

relative RMSE =
RMSE

x̄
(8.2)

Bias =
1

n

n∑
i=1

(Xobs,i −Xcontrol,i) (8.3)

relative bias =
bias

x̄
(8.4)

Where obs,i is the ith observation, control,i is the ith control, x̄ is the mean of

control values, and n is the number of estimations.

8.3 Results

8.3.1 Direct HMLS to TLS comparison

Using the FARO data set 54 stems were modelled across all three subplots with

the minimum/maximum DBH estimates being 3 cm and 45 cm respectively. Us-

ing the ZEB1 data set 49 stems were modelled across all three subplots with

minimum/maximum DBH estimates being 5 cm and 45 cm respectively (Table

8.2). This represents an omission difference of 9% for the ZEB1 compared to the

FARO. The results of the DBH estimations and stem mapping can be seen in Ta-

bles 8.3 and 8.4 with point cloud comparisons in Figure 8.4 and the distribution

of DBH estimation differences in Figure 8.5.

Table 8.2: Number of stems detected by ZEB1 and FARO

Subplot FARO ZEB1 omission

difference (%)

A1 23 21 9

E1 13 12 8

E5 18 16 11
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(a) (b) (c)

Figure 8.4: Point cloud comparisons for (a) FARO (b) ZEB1 and (c) combined

data sets. Images show cross section of survey (10 m wide).

Table 8.3: RMSE results for diameter at breast height (dbh) and stem

positioning (plan) using no filter, only examining stems with DBH >10 cm and

stems with DBH <10 cm.

type filter

RMSE (cm) relative RMSE (%)

subplot subplot

All A1 E1 E5 All A1 E1 E5

plan none 3.1 2.6 3.1 3.5 - - - -

plan Ø > 10 cm 2.1 1.9 2.4 1.7 - - - -

plan Ø < 10 cm 3.9 3.2 4.5 4.3 - - - -

dbh none 2.9 3.5 2.9 1.9 23 29 20 17

dbh Ø > 10 cm 1.5 1.5 1.8 0.9 9 9 11 5

dbh Ø < 10 cm 3.9 4.8 4.8 2.3 46 69 75 33

Table 8.4: Bias results for diameter at breast height (dbh) and stem

positioning (plan) using no filter, only examining stems with DBH >10 cm and

stems with DBH <10 cm.

type filter

bias (cm) relative bias (%)

subplot subplot

All A1 E1 E5 All A1 E1 E5

plan none 2.3 2.0 2.5 2.3 - - - -

plan Ø >10 cm 1.7 1.5 2.1 1.5 - - - -

plan Ø <10 cm 2.8 2.6 3.7 2.8 - - - -

dbh none 0.3 0.5 0.3 0.0 2.4 4.6 2.2 -0.3

dbh Ø >10 cm 0.9 -1.2 -0.7 -0.6 -5.6 -7.4 -4.4 -3.2

dbh Ø <10 cm 1.6 2.5 3.4 0.3 19.5 35.6 53.6 4.3
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(a) (b)

Figure 8.5: Distribution of DBH estimation differences between ZEB1 and

FARO values with (a) no filter and (b) DBH > 10 cm.

8.3.2 Comparison of laser scanning results against field survey

method

Survey times were recorded and can be seen in Table 8.5. For the static lidar

survey a 10 m x 10 m subplot was completed by two operators in thirty min-

utes using the FARO system, although if taking into account walking between

plot sites and setting up this time is extended to one hour. For the handheld

approach, each 10 m x 10 m subplot was surveyed by one person in five minutes.

In addition, using the ZEB1 it was possible to traverse the area between subplot

sites (Section 8.2.3) and collect the survey data in little over ten minutes. For

the field survey data collection the Kirton Wood test area (50 m x 50 m) was

surveyed by a team of four ecologists over two days.

Table 8.5: Times and coverages for different methods of Kirton wood survey.

Instrument Personnel Area (m2) Time taken

(min)

Survey coverage

per surveyor

m2/min

FARO 2 100 60 0.85

ZEB1 (A1) 1 100 5 20

ZEB1 (A1-E5) 1 500 10 50

Field survey 4 2500 1440 0.43
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8.4 Discussion

8.4.1 Can TLS measurements of forests be replicated using HMLS?

The data set and resultant point cloud captured using the handheld system was

used to extract DBH and stem map information to a comparable accuracy to

those obtained from data sets collected using TLS survey techniques (Tables 8.3

and 8.4.

The handheld approach allows the user to easily direct the scanner toward points

of interest and can capture data from the whole survey area, rather than at

three set-up points as is usual with a static survey. In this test the user walked

steadily through the plot collecting data, but a more directed survey aiming

the scanner at all stems may increase modelling accuracy and reduce omission

errors. A slower operational gait may also allow for a higher resolution point

cloud creation, something that needs to be examined in further trials of the

hardware. This was a proof of concept study, allowing for a more vigorous

methodology to be developed in future trials.

The cases of stem omission in the ZEB1 data set were caused by insufficient

points returned from the handheld system to accurately describe the surface of a

stem. These instances caused a modelling error in the Cyclone software and can

be classed as complete modelling failure. Omission errors can be caused by point

occlusion within the point cloud. Shadowing is the main factor in point occlusion

which can increase in areas of high stem density and increased understorey.

Both plan positioning and DBH estimations show greater errors when stems

of DBH < 10 cm are examined (Tables 8.3 and 8.4). For stems with DBH

< 10 cm the smaller surface area of the target results in fewer point returns

and therefore fewer data from which the stem surface can be modelled. With

the most important element of above ground biomass being trees of DBH > 10

cm (Alba and Scaioni, 2007) the use of a filter to eliminate smaller stems and

saplings is a practice used in forest modelling (Desclée et al., 2006). Removing

stems with DBH < 10 cm results in increased accuracy for the plan position and

DBH estimations. If the intended application is to assess total basal area then

the aggregate effect of these DBH errors will be to add a little more uncertainty

to the total value while saving a large amount of survey time.

The manufacturer’s stated accuracies differ greatly for the two instruments with

stated accuracies being ±2 mm for the FARO and ±30 mm for the ZEB1. The

reduction in point accuracy when using the ZEB1 comes with an increase in
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data collection efficiency, so this is a trade-off that would need to be assessed for

individual survey needs.

DBH estimations show predominance toward underestimation using the hand-

held system when compared against the FARO (Figure 8.5). The lower DBH

estimations from the ZEB1 instrument are possibly due to the modelling method-

ology not accounting for the increased point noise seen within the ZEB1 data

set (Bailey and Durrant-Whyte, 2006). When extracting surfaces the Cyclone

software fits cylinders to the inner diameter of the point cloud. With increased

surface noise that can be seen in the ZEB1 approach (Figure 8.6) this may result

in decreased diameter estimations. Surface noise is caused by multiple sources

such as object surface texture and registration errors. With a decreased range

accuracy compared to static instruments such as the FARO, the ZEB1 does

contain significantly more uncertainty when modelling surfaces. Using a differ-

ent modelling methodology, such as using a different software that accounts for

increased surface noise, may increase modelling accuracies and minimise bias.

The trial highlights the potential for a handheld system to replace static lidar

for surveying complex, difficult to access forest plots and for recording DBH and

plan position. When examining stems with a DBH >10 cm the utilisation of

a handheld survey approach provides an acceptable accuracy (for most forestry

applications) in DBH and position estimates whilst increasing the possible sur-

vey extent. The method may not however, currently provide the required surface

accuracy for the reconstruction of trees for precise volume or biomass estima-

tions, or the required DBH and position accuracies when examining stems with

a DBH of <10 cm.

8.4.2 Does the use of HMLS provide any advantages in practical

ease over TLS or field survey methods?

Of the methodologies tested the handheld laser scanner showed a much greater

area of coverage per hour of survey than the TLS approach or the field survey

(Table 8.5), significantly reducing the time spent at the forest plot. From the

subplot surveys it is estimated that the ZEB1 approach is approximately 12 times

faster than if using a TLS. This is comparable with James and Quinton (2014)

who demonstrated the ZEB1 as being approximately 40 times faster than a TLS

when surveying complex topography. In the same study it was also concluded

that even with limitations in data density and accuracy shown in the ZEB1

system, its usefulness in difficult environments would make it a highly practical
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(a) (b)

(c) (d)

Figure 8.6: Point cloud stem comparisons for side view of FARO (a) and

ZEB1 (b) and planar view from FARO (c) and ZEB1 (d). The data shown is a

10 cm vertical slice through the same stem point cloud. It can be seen that the

ZEB1 contains much noisier data when compared against the FARO. This

results in less accurate surface modelling when using the ZEB1.
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survey solution.

The forest plot surveyed for this trial was considered complex with dense under-

story. The terrestrial survey time of one hour per subplot may have been longer

than in open woodland or plantations. In addition, for both laser scan methods

additional processing work is required away from the plot site to extract DBH

and positional estimates from the point cloud.

The lack of survey targets in the handheld approach reduces set-up time for the

survey when compared against the static laser scan. Data collection using the

handheld scanner is carried out simply by walking through a plot. With this

ease of survey comes the possibility of survey data being integrated with other

tasks resulting in a combined approach to survey work.

There is potential for more cost-effective surveys using the handheld approach.

With reduced survey time comes the associated reduction in operational costs.

There is also the reduced hardware costs, with a ZEB1 instrument currently

(in 2015) costing £14,000. This is less than a TLS instrument, which can range

typically at this time from £25,000 to £80,000 depending on manufacturer. Pro-

cessing costs are more difficult to compare between the two systems with initial

processing of the ZEB1 data being priced on a per metre basis, currently ap-

proximately £200 per kilometre of survey path. TLS systems do not have this

external processing cost, although registration has to be completed in-house.

Further work also needs to be carried out examining the effect of survey path on

point cloud accuracy and survey time. A longer survey path including multiple

swaths crossing the site in all directions may increase the usefulness of the hand-

held approach when considered for feature extraction, but this will also increase

survey time.

Liang et al. (2014a) have also demonstrated the usefulness of personal scanning

systems within the forest environment. In their study they used a backpack

mounted MLS (10 kg) to survey a 2000 m2 forest plot in two minutes, giving

a survey coverage of 1000 m2 per minute, highlighting the effectiveness of per-

sonal scanning systems for fast surveying. It is difficult to directly compare

the two studies because stand characteristics in each trial were very different.

The equipment used by Liang et al. (2014a) is likely to be less portable, espe-

cially within dense vegetation. Nevertheless, both tools indicate the potential

for further development of the methodology.
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8.4.3 Are any novel measurements available?

When using a handheld system it should be possible to obtain a more complete

model of the plot site than the three scan location approach common in TLS

forest surveys. Every step taken using a handheld instrument is a new scan

location and so the environment captured with the survey can be modelled in

more detail.

Examining the resultant point cloud obtained from the handheld instrument it

can be seen that more detail is collected on understorey and low level features

than with the equivalent TLS point cloud (Figure 8.4). Using a handheld instru-

ment allows data from complex zones of interest (such as the understorey) to

be collected with decreased occlusion. This is because each rock of the scanner

head is similar to a new scan location in a static survey, meaning obstacles can

be walked around to obtain large amounts of points returns. This highlights the

potential of the ZEB1 system for detailed analysis of forest structural parameters

incorporating ground level features.

8.4.4 What are the remaining challenges for the application of

HMLS in forest monitoring?

In this test a relatively small plot area was surveyed with the ZEB1 scan data

collected in short bursts of less than ten minutes. Further tests need to be

carried out in the woodland environment to assess the usefulness of the handheld

approach for larger scale surveys.

With longer survey paths required for extended surveys comes the problem of

maintaining a sufficient point density for the extraction of features to be success-

ful. This presents itself in the stem omission differences within this trial (Table

8.2), which would be expected to increase for longer surveys such as that shown

in Figure 8.2b.

An important factor in the development of point cloud data sets for use within

forest modelling will be the automation of data processing. Without automation

these very large, complex data sets are too time-consuming to process manually

and would not be considered a practical survey solution. Existing software for

point cloud processing to extract information such as volumes could be used

with a point cloud from the ZEB1. The increased point noise seen within the

ZEB1 cloud may limit automation of the processing; this needs to be examined

in detail in further studies.
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In this trial it was not possible to extract the species of tree or its status (alive

or dead) from the laser scan data. Achieving this may involve a hybrid sur-

vey approach whereby additional setup requirements, such as reflective strips to

identify dead trees are used in conjunction with the handheld laser instrument.

The introduction of handheld mobile laser scanning into the field of forest ecol-

ogy, viewed alongside extraction techniques presented in Chapters 4, 5, 6 and 7,

supports the use of ground based lidar technology to increase our understanding

of the structural properties of forests and how structure affects further ecological

attributes such as diversity and productivity.
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Conclusions

The main aim of this study was to assess the application of commercially avail-

able terrestrial laser scanning (TLS) for the estimation of forest understorey

structural attributes, beyond those currently extracted from aerial laser scanning

(ALS) and TLS systems. The study was specifically designed for UK lowland,

broad-leaved forests, although the methods described have potential relevance

to multiple forest types.

Whilst traditional methods for forest survey offer reliable, low cost estimations

of forest parameters they are not suitable for assessing the 3D properties of

forest sites at high resolution. The potential of TLS for the assessment of 3D

spatial relationships within forest is great given the high accuracy and resolution

of commercially available laser scanning equipment, combined with the use of

automated data processing.

Previous studies that have tested the use of TLS for ecological surveys have

commented on its potential but these studies have tended to replicate existing

metrics rather than explore new ones (McMahon et al., 2015; Eitel et al., 2013;

Davies and Asner, 2014). Whereas, it is the new metrics and indices, such as

those presented in this study, that may allow TLS to reach its full potential.

The success of ALS for forestry surveys should provide an example for TLS.

The ability to collect very large (regional) data sets quickly and efficiently has

seen its introduction into multiple governmental forestry inventory programmes

with large cost savings involved. If ALS surveys offers clear advantages of survey

size and cost savings, it needs to be recognised that there should be other clear

advantages to forest surveyors when using TLS, be this in area coverage, novel

metrics or a combination of both.
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The results from this study show that commercially available TLS instruments

can be used to provide novel estimations of forest structural parameters. They

also show how forest survey data can be collected much quicker and over larger

areas (when using a handheld approach) than when compared against traditional

forest ecology surveys.

The novel measurements of vertical to non-vertical index (VNVI), understorey

density and cover, also provide additional information on the structure of forests

beyond the dendrometric parameters commonly collected using TLS in forests.

The ability to acquire data regardless of canopy state also gives a ground based

approach advantages over an aerial approach where dense canopy can create a

barrier to effective data collection.

Through the development of new measures that can only be extracted through

detailed 3D modelling of forest structure, this study has identified new ways in

which TLS can be used to increase the understanding of the complex structural

relationships operating within forests at multiple spatial scales.

With the development of work flows for the extraction of different structural

attributes from forest point clouds, this study has identified possible replicable

measures that can be used to assess forest understorey vegetation. Although

designed specifically for UK lowland, broad-leaved forest, these work flows have

the potential to be applied across a range of forest types. Points to consider

when planning further studies in different forest types are the density of stems

and understorey and their relevance to line-of-sight and the effect different forest

densities will have on processing parameters.

The density of stems and understorey will affect how the survey is designed and

how far apart the instrument setups need to be. The general guidelines covering

line-of-sight and range to objects (as covered in Chapter 3) will apply to different

forest types, but the specific grid spacing needed to make sure all objects are

‘seen’ by the instrument may change.

In a similar way the processing parameters, such as VNVI cutoff point, may need

evaluating for different forest types. The values presented in this study were

derived from data collected in the UK, across similar woodlands, of a similar

age. The value for VNVI cutoff (the point from which vertical point density

is considered to approximate stem material) is not expected to be the same

across different forest types due to the specific structural properties inherent

within distinct forest types (i.e. the expected difference in vertical material

between a rain and boreal forest). Structural changes due to movement along the
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successional sequence may also require processing parameters to be reevaluated.

Using the generation of a vertical to non-vertical index (VNVI) presented in

Chapter 4, it was possible to identify patterns within the vertical structure of

forests relating to deer browsing. This method offers an improvement over ex-

isting studies examining deer browsing by allowing the effects of deer browsing

to be assessed to 10 cm. Traditional methods for estimating vegetation with

relevance to deer browsing are proven and understandable, as surveying stems

in 10 cm height bands using traditional methods would be very time-consuming,

but it does highlight the additional analysis benefits that using TLS combined

with extraction of VNVI can bring to a forest survey.

The VNVI approach to point cloud analysis provides a relatively fast method for

the extraction of structural attributes without the need for extensive modelling

or manual data processing. After initial filtering and trimming of data sets, the

extraction of a VNVI can be fully automated allowing for large, multiple data

sets to be processed efficiently. This has the potential to be used for even larger

studies where data processing would need to be fully automated for efficient

analysis work flows.

The classification of forest plot components into vertical and non-vertical based

on the two stage analysis using vertical alignment of gridded point returns and

clustering of points does have limitations. Dense foliage may cause an overes-

timation of vertical component through providing returns in multiple adjacent

vertical voxels. It may also be the case that dense foliage would cause vertical

component to be misclassified as non-vertical through point occlusion.

Building on the classification of forest plot components into vertical and non-

vertical the development of an understorey density profile (UDP) for the 40

WoodMAD data sets highlighted the use of TLS for examining vertical density

within forest plots (Chapter 5). Using the MacArthur-Horn transformation data

sets were corrected for point occlusion and a profile created describing density

of understorey material.

In sites where deer browsing was low there was a significant increase in the num-

ber of adjusted point returns when compared to sites where deer browsing was

high, this can be viewed as a general increase in the amount of understorey ma-

terial where deer levels are low. Whilst this follows expectations, it also supports

the use of TLS for the identification of further patterns and relationships that

are perhaps not so well understood.

In examining the understorey density profiles, variations of forest density with
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height were isolated and patterns identified at the centimetre scale. This level of

spatial analysis was highlighted by the BTO as having potential benefits when

examining bird nesting patterns, above and beyond traditional methods of forest

survey. This analysis work flow was also used to identify woodland sites with

unique density profiles indicative of structural features (such as the presence of

ground level growth or bare ground), it is these applications of TLS analysis that

have the potential to provide much more detailed assessment of forest structure

with respect to animal-habitat associations than is currently common.

In addition to plot scale density profiles, the sub-division of plots into sub-plots

allowed for the heterogeneity of vertical density to be assessed. This technique

allowed changes in object density along transects to be identified, changes that

may have been smoothed over using a single plot site approach.

The TLS approach for creating understorey density profiles does not provide a

complete assessment of understorey plant communities as, at the present time,

different plant species cannot be identified through point cloud feature extrac-

tion. It does however, provide spatial information that can be collected in three

dimensions, something that is not provided through traditional survey methods.

For the examination of horizontal component within forest plots, the trial out-

lined in Chapter 6 showed how TLS analysis can be used to replicate the exist-

ing forest measure of understorey cover. Results showed correspondence with a

qualitative assessment of each plot site and cover estimates extracted from forest

point clouds. TLS was also used to provide further understorey metrics such as

total 3D surface and understorey volume, measurements that are not commonly

collected using traditional methods.

The use of fine resolution laser scanning also allowed for estimation of cover at

the decimetre level, this is an improvement on the classification of cover into

cover groups as described by Reich et al. (2012) using traditional estimation

methods. There is also the potential for removing user bias through automation

of processing and extraction of metrics directly from point cloud data sets. This

further enhances the ability of TLS to offer a realistic alternative to traditional

direct measurements of understorey cover.

The novel use of 3D modelling across understorey vegetation layers, using meth-

ods similar to those developed for hydrology and geomorphology, was used to

extract surface slope and curvature properties that identified relationships be-

tween understorey surfaces and vegetation type. The use of this novel extraction

technique has the potential to increase our understanding of how the texture of
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forest surfaces (both at the ground level and further into the understorey) may

affect forest communities. Ground level vegetation (and additional features such

as woody debris) provides habitat and forage for multiple animal species (Saba-

tini et al., 2014) with understorey structure affecting animal-habitat associations.

The spatial patterns within ground level vegetation can also provide information

on processes operating within understorey communities (Scheller and Mladenoff,

2002). The correspondence seen between slope and curvature values of under-

storey vegetation surfaces and vegetation type shows the potential of TLS for

the creation of new metrics describing the spatial relationships operating within

the understorey.

In addition to the development of new analysis work flows and measures outlined

in this trial, Chapter 7 examined the use of TLS for temporal surveys. With

forests being such a dynamic environment this is an important aspect of forest

surveying. The results provide correspondence between the expected structural

changes witnessed within forest (leaf abscission in winter, leaf growth in spring)

and the structural changes as extracted from TLS acquired point clouds.

Using a TLS approach allowed for fine scale measurement of structure in forest

vegetation with respect to cyclical changes brought about by seasonal change.

This included the novel creation of temporal change maps showing an increased

resolution of cover estimates compared to traditional methods of cover assess-

ment and offering possible insights into how understorey vegetation structure

changes within a trial site over time.

The new methods for the assessment of understorey vegetation structure, out-

lined in chapters 6 and 7, were tested using qualitative assessments of plot site

photographs that divided the survey areas into different cover and vegetation

types. If the methods are accepted, an assessment of plot sites based on VNVI

and UDP (outlined in chapters 4 and 5) should allow understorey vegetation

cover and temporal change to be quantified with reference to these new metrics,

avoiding the use of qualitative assessments.

Handheld mobile laser scanning (HMLS) has shown the potential to complement

TLS by providing increased survey coverage and allowing point cloud data pro-

cessing to be considered for areas which are otherwise difficult to access (Chapter

8). The integration of laser scanning and inertial movement technologies, used in

conjunction with the concept of simultaneous localisation and mapping (SLAM)

within the ZEB1 instrument offer an exciting new development in the production

of point clouds from HMLS. In using SLAM technology the reliance on satellite

positioning is removed and the user can operate in environments where satellite
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signals are poor or non-existent. The need for a pre-installed network of survey

targets is also eliminated as a moving time window of trajectory data from each

scan is used to compute the 3D point cloud.

The ZEB1 HMLS approach offers potential when considered for forest surveys.

With dense canopy, difficult terrain, complicated structure and limited line-of-

sight the forest environment limits the effectiveness of TLS systems to gather

point cloud data beyond the small-scale permanent sample plots currently in

use. Using the ZEB1 an HMLS survey can be conducted as easily as walking

through a plot and the creation of point clouds with increased geospatial extent

becomes feasible.

Limitations in the HMLS approach are currently associated with the maximum

survey time allowed by the hardware. Resolution of the point cloud to allow

acceptable feature extraction may also be an issue when using the ZEB1 HMLS

approach. These deficiencies and also further applications need to be examined

in future studies.

In combination, the trials outlined here suggest that TLS for forest surveys offers

an enhanced range of metrics than those currently collected through traditional

methods of survey, or from previous TLS. Fine-scale analysis, combined with

replicable work flows, provide advantages over traditional methods that may help

TLS to reach its full potential. Using novel metrics and maintaining standardised

survey methodology, TLS and HMLS offer a new approach to forest surveys that

has been shown to be a reliable tool for the extraction of structural attributes,

the estimation of vegetation cover, the development of microtopology analysis of

understorey surfaces and for temporal change assessment.
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Recommendations for future

research and work

This study has provided work flows for data extraction that can be used for the

assessment of forest structural properties. These work flows can be considered as

starting with a point cloud which can be acquired in any number of ways. Point

clouds used in this study were collected using static terrestrial laser scanning

(TLS) instruments and handheld mobile laser scanning (HMLS) instruments,

although the methodologies described could be applied to point clouds collected

by any means. It is the extraction of features from point clouds and the collection

of point cloud data itself that present the largest challenges when considering

further work.

One important aspect of using point clouds for the measurement of forest struc-

tural attributes that would allow the method to be more widely used is the

development and improvement of algorithms that extract the desired parame-

ters from large, complex data sets.

Currently, research is predominantly focused on TLS hardware as this provides

the required accuracy and creates detailed point clouds from which highly accu-

rate models can be made. With technological advances such as the introduction

of HMLS that allow for more rapid surveying, but with reduced accuracy, the

focus of feature extraction may need to move away from the notion of precise

surface modelling and move to a more generalised modelling approach such as

through voxel based extraction rather than surface modelling.

Further studies are also recommended to assess the application of the data collec-

tion methods and analysis techniques developed here for sites along the succes-
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sional sequence and sites across multiple forest types. How the methodologies

will change with forest type, including the effect of forest type on processing

parameters needs to be understood in more detail.

A detailed analysis of the developed methods compared against traditional meth-

ods should also be considered. This would include direct tests of traditional

methods against TLS derived values at various sites. Different applications

within forest ecology and forestry (such as when assessing bird habitats or tim-

ber production) use different traditional methods, so each application would need

an individual assessment. What is learnt about TLS data collection for timber

reserves may not hold when considering habitat mapping.

If the methods outlined in the study are accepted and used, an assessment of

plot sites based on VNVI and UDP (outlined in chapters 4 and 5) should allow

understorey vegetation cover and temporal change to be quantified with reference

to these new metrics, avoiding the use of qualitative assessments.

In addition to accurate, high resolution point clouds acquired through TLS sur-

veying, there is the possibility that 3D data collection can be ‘out-sourced’ to

low cost devices such as smart phones (Escribano-Rocafort et al., 2014; Tichy,

2016).

It is suggested that further research be conducted on the use of low-cost sur-

vey alternatives from which point clouds can be produced. How, and to what

extent, does the resolution and accuracy of the surveying instrument influence

the extracted results and do the results meet the required levels of accuracy

and repeatability. If low cost hardware that can be utilised through mass data

gathering, such as crowd sourcing events, produces data sets and resultant point

clouds that contain the required accuracy for simple analysis, this may offer a

companion to the high resolution, high cost TLS technique.

As well as considering different methods for the collection of point cloud data

within forests, the relationships between the spatial properties of point cloud

data and animal-habitat associations also need to be examined in more detail.

An example of this is how this study utilised a very large data set acquired as part

of the WoodMAD trials aimed at the assessment of the effects of deer browsing

on woodland song bird habitats. As such, the data was specifically targeted at

those sites with different deer densities. Whilst this allowed for the assessment

of structural properties extracted from point clouds with particular reference to

those features expected to be altered by deer browsing, it is recommended that

other animal-habitat associations be examined.
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Appendix B

Plot information

Table B.1: Plant species, abbreviations and scientific names

Plant species Abbreviation Scientific name

Ash AH Fraxinus excelsior

Birch BI Betula spp.

Hawthorn HAW Crataegus monogyna

Hazel HAZ Corylus avellana

Holly HOL Ilex aquifolium

Oak OK Quercus spp.

Sycamore SYC Acer pseudoplatanus

Table B.2: Plot descriptions provided by British Trust for Ornithology.

Easting, northing and bearing values are the coordinates in OS British National

Grid and bearing value (◦) for the start location of each survey transect.

Site name easting northing bearing Stand details

Ampfield 03 439678 124506 20 OK 50yrs

Ampfield 04 440147 125186 57 OK 50yrs

Bentley 03 424927 128915 196 OK overstood + dense

Bentley 04 425335 128982 246 mature OK+AH

Big Forest 03 315361 309924 181 mature OK 60yrs,HAZ,HAW

Blackmoor 423361 129378 38 mature OK,overstood coppice

Blean Homestall 01 610184 159619 52 mature OK + MBL

Blean Homestall 04 610822 159965 149 mature OK + HAZ

Blean Homestall 06 611210 159844 321 mature OK + HAZ

East Blean 01 617713 164456 232 mature OK+AH,HAZ understorey

East Blean 03 618170 164679 98 OK high forest + cut HAZ

Eastridge 01 340044 301736 100 semi-mature MBL (AH,BI,WI),very dense un-

derstorey

Eastridge 05 339015 300797 234 mature BI,OK,AH

Ellenden 610335 161895 267 OK all ages,some is overstood coppice

Ffridd Mathrafal 02 311638 310858 308 OK p20,HAZ,OK,HAW,HOL understorey

Ffridd Mathrafal 04 312046 311234 270 OK p52,OK,HAZ,MBL understorey,CON nat

regen <20%

Gwern Ddu 01 313587 310155 69 OK p62 + WI,BI older nat regen

Gwern Ddu 04 313986 310491 48 OK p52,HAZ,HAW understorey

177



Appendix B. Plot information

Haughwood 358630 237944 266 mature OK,sparse understorey

Hound 01 422263 130790 20 OK standards,overstood HAZ

Hound 03 422680 130130 218 mature OK+AH

Hound 05 423320 130454 27 mature OK,HAZ

Kingswood 01 346719 212581 214 mature OK,HAZ

Kingswood 10 347678 211986 201 AH/OK,HAZ,bluebells,bramble

Langley 02 423283 120762 108 mature OK,overstood HAZ

Langley 05 423805 120709 316 mature BI+MBL

Lea Pagets 03 359933 234208 240 mature OK with HAZ,HAW,WCH,diverse an-

cient woodland groundflora

Pole Lees 02 339179 304649 172 OK,more densely stocked,smaller

stems,bramble

Pole Lees 05 339370 304472 261 mature OK with AH,BI,diverse ancient wood-

land groundflora

Romers 360455 263158 220 mature OK/AH high forest,multi-storey,multi-

aged,HAZ,HAW,dense bluebell carpet

Spout Figyn 315517 311071 340 mature OK,some AH,BI,SYC with

HAZ,bramble

West Blean 01 614275 164133 260 mature OK

West Blean 02 614645 163925 175 mature OK

West Blean 03 615296 163461 130 OK high forest + cut HAZ

West Blean 04 616595 164597 228 OK high forest + cut HAZ

Wyre main 01 374526 277479 135 OK,some BI,Yew,some OK + HOL under-

storey

Wyre main 03 373735 276215 65 very old OK

Wyre main 04 374000 276190 355 OK/BI nat regen,some bramble

Wyre NNR 01 375765 276433 275 mature OK (former OK coppice with OK

standards,singled out in 1920s,not thinned

since),bramble,bracken bluebells

Wyre NNR 03 375567 275740 161 mature OK (former OK coppice with OK

standards,singled out in 1920s,not thinned

since),bramble,bracken bluebells
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Appendix C

Expanded results

C.1 Estimating the vertical component of

forest using terrestrial laser scanning
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Table C.1: VNVI values for height bands 50-190cm within high deer density plots

plot
height band (cm)

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Ampfield03 0.38 0.28 0.17 -0.07 -0.39 -0.59 -0.62 -0.52 -0.38 -0.31 -0.34 -0.40 -0.28 -0.22 -0.16

Ampfield04 0.52 0.41 0.12 -0.29 -0.69 -0.83 -0.77 -0.58 -0.42 -0.25 -0.25 -0.15 -0.18 -0.10 -0.04

Bentley03 0.38 0.24 -0.03 -0.21 -0.66 -0.72 -0.66 -0.57 -0.54 -0.45 -0.23 -0.10 -0.07 0.06 0.02

Bentley04 0.08 0.08 -0.10 -0.30 -0.46 -0.68 -0.79 -0.85 -0.83 -0.82 -0.72 -0.58 -0.54 -0.42 -0.34

Blackmoor -0.01 -0.18 -0.31 -0.33 -0.45 -0.44 -0.27 -0.17 -0.05 0.05 0.11 0.14 0.14 0.22 0.19

Haughwood 0.64 0.56 0.42 0.34 0.24 0.20 0.04 -0.14 -0.18 -0.17 -0.18 -0.12 -0.00 0.04 0.11

Hound01 -0.11 -0.41 -0.45 -0.50 -0.49 -0.46 -0.44 -0.39 -0.40 -0.37 -0.35 -0.29 -0.22 -0.02 -0.06

Hound03 -0.27 -0.61 -0.78 -0.88 -0.91 -0.92 -0.89 -0.86 -0.73 -0.66 -0.58 -0.62 -0.55 -0.58 -0.55

Hound05 0.44 0.36 0.23 0.08 -0.10 -0.16 -0.25 -0.18 -0.08 -0.07 -0.09 -0.09 -0.08 -0.03 0.14

Kingswood01 0.35 0.38 0.39 0.34 0.30 0.16 0.02 -0.21 -0.14 -0.12 -0.12 0.10 0.29 0.34 0.40

Kingswood10 0.16 0.28 0.24 0.22 0.20 0.27 0.21 0.08 -0.08 -0.34 -0.45 -0.58 -0.54 -0.38 -0.23

Langley02 -0.11 -0.29 -0.55 -0.61 -0.66 -0.66 -0.63 -0.59 -0.51 -0.41 -0.31 -0.25 -0.17 -0.10 -0.16

Langley05 -0.01 -0.13 -0.26 -0.30 -0.46 -0.53 -0.61 -0.55 -0.65 -0.69 -0.63 -0.50 -0.32 -0.27 -0.20

LeaPagets03 0.20 0.05 -0.29 -0.58 -0.62 -0.65 -0.53 -0.60 -0.56 -0.40 -0.26 -0.20 -0.10 -0.04 0.00

Romers 0.50 0.44 0.42 0.49 0.18 0.13 0.01 -0.03 -0.09 -0.09 -0.08 -0.02 -0.00 0.04 0.05

WyreMain01 0.25 0.08 -0.20 -0.48 -0.79 -0.93 -0.96 -0.98 -0.98 -0.97 -0.97 -0.94 -0.90 -0.86 -0.82

WyreMain03 0.35 0.06 -0.15 -0.44 -0.67 -0.79 -0.90 -0.83 -0.63 -0.48 -0.43 -0.30 -0.31 -0.24 -0.27

WyreMain04 -0.74 -0.80 -0.86 -0.85 -0.82 -0.82 -0.79 -0.69 -0.55 -0.33 -0.18 -0.15 -0.05 -0.02 0.02

WyreNNR01 0.55 0.08 -0.53 -0.78 -0.87 -0.95 -0.96 -0.94 -0.97 -0.96 -0.97 -0.95 -0.95 -0.92 -0.78

WyreNNR03 0.57 0.53 0.52 0.18 -0.32 -0.81 -0.94 -0.98 -0.99 -0.99 -0.98 -0.97 -0.95 -0.97 -0.95
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Table C.2: VNVI values for height bands 50-190cm within low deer density plots

plot
height band (cm)

50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

BigForest03 0.43 0.13 0.23 0.21 0.09 -0.03 -0.14 -0.18 -0.14 -0.08 -0.01 0.10 0.14 0.23 0.24

BleanHomestall01 0.26 0.09 -0.11 -0.20 -0.21 -0.23 -0.24 -0.25 -0.28 -0.22 -0.24 -0.22 -0.17 -0.13 -0.10

BleanHomestall04 0.23 0.08 0.09 0.11 0.04 0.09 0.00 -0.01 -0.01 0.04 0.03 0.06 0.09 0.24 0.18

BleanHomestall06 0.36 0.24 0.14 0.00 -0.14 -0.22 -0.26 -0.17 -0.15 -0.09 -0.14 -0.12 -0.12 -0.12 -0.07

EastBlean01 0.17 0.21 0.21 0.26 0.21 0.14 0.13 0.11 0.14 0.19 0.14 0.13 0.18 0.22 0.29

EastBlean03 0.36 0.31 0.16 0.11 0.06 -0.03 -0.06 -0.02 -0.10 -0.12 -0.15 -0.13 -0.10 -0.05 -0.01

Eastridge01 0.46 0.41 0.36 0.36 0.38 0.24 0.25 0.25 0.17 0.19 0.13 0.10 0.15 0.20 0.19

Eastridge05 0.29 0.33 0.29 0.22 0.19 0.17 0.06 0.09 0.06 0.14 0.04 0.06 0.05 0.08 0.11

Ellenden -0.44 -0.49 -0.54 -0.49 -0.45 -0.44 -0.45 -0.46 -0.44 -0.47 -0.43 -0.39 -0.41 -0.39 -0.37

FfriddMathrafal02 0.37 0.41 0.37 0.23 0.28 0.23 0.18 0.21 0.17 0.24 0.28 0.39 0.44 0.48 0.47

FfriddMathrafal04 0.32 0.44 0.54 0.56 0.55 0.48 0.38 0.32 0.22 0.20 0.17 0.15 0.14 0.09 0.11

GwernDdu01 0.41 0.40 0.41 0.24 0.11 0.04 -0.10 -0.16 -0.30 -0.20 -0.23 -0.31 -0.35 -0.37 -0.37

GwernDdu04 0.10 0.28 0.20 0.12 0.14 0.11 0.15 0.20 0.21 0.26 0.25 0.35 0.41 0.47 0.51

PoleLees02 0.42 0.48 0.52 0.51 0.49 0.46 0.31 0.27 0.11 0.02 0.11 0.06 -0.06 -0.06 0.01

PoleLees05 0.57 0.57 0.56 0.50 0.32 0.21 0.11 0.04 0.01 -0.03 0.02 0.05 0.10 0.17 0.27

SpoutFigyn 0.32 0.20 0.12 -0.01 -0.08 -0.15 -0.14 -0.14 -0.16 -0.16 -0.12 -0.10 -0.00 0.05 0.06

WestBlean01 0.39 0.31 0.24 0.17 0.16 0.07 0.16 0.12 0.13 0.10 0.12 0.11 0.11 0.23 0.22

WestBlean02 0.12 0.08 0.06 0.09 0.05 0.07 0.03 0.03 -0.00 0.07 0.14 0.25 0.27 0.31 0.28

WestBlean03 0.23 0.15 0.06 0.08 0.12 0.13 0.09 0.02 -0.05 -0.00 0.01 0.10 0.17 0.22 0.22

WestBlean04 0.21 0.15 0.15 0.12 0.13 0.11 0.16 0.16 0.11 0.15 0.28 0.20 0.22 0.22 0.21
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Appendix C. Expanded results

Table C.3: VNVI values for each plot site across high deer density sites within

height band 200-990 cm.

plot
VNVI values

min max mean std variance

Ampfield03 -0.11 0.78 0.39 0.26 0.067

Ampfield04 -0.08 0.42 0.18 0.12 0.014

Bentley03 -0.11 0.66 0.39 0.17 0.031

Bentley04 -0.33 0.58 0.11 0.23 0.051

Blackmoor 0.11 0.95 0.68 0.21 0.045

Haughwood 0.06 0.66 0.46 0.15 0.022

Hound01 -0.07 0.95 0.62 0.28 0.081

Hound03 -0.61 0.90 0.43 0.40 0.163

Hound05 0.09 0.71 0.43 0.16 0.027

Kingswood01 0.27 0.78 0.56 0.13 0.017

Kingswood10 -0.09 0.86 0.58 0.21 0.043

Langley02 -0.15 0.84 0.58 0.23 0.051

Langley05 -0.31 0.85 0.46 0.34 0.114

LeaPagets03 0.15 0.76 0.57 0.14 0.019

Romers 0.02 0.99 0.70 0.26 0.070

WyreMain01 -0.84 0.27 -0.27 0.23 0.054

WyreMain03 -0.27 0.61 0.27 0.20 0.040

WyreMain04 0.02 0.76 0.49 0.19 0.036

WyreNNR01 -0.60 0.64 0.23 0.32 0.102

WyreNNR03 -0.97 0.11 -0.45 0.32 0.104

Table C.4: VNVI values for each plot site across low deer density sites within

height band 200-990 cm.

plot
VNVI values

min max mean std variance

BigForest03 0.33 0.99 0.73 0.17 0.027

BleanHomestall01 -0.04 0.95 0.59 0.33 0.106

BleanHomestall04 0.20 0.98 0.77 0.22 0.050

BleanHomestall06 -0.09 0.91 0.58 0.26 0.066

EastBlean01 0.27 0.91 0.67 0.18 0.034

EastBlean03 -0.01 0.85 0.51 0.22 0.049

Eastridge01 0.15 0.83 0.54 0.15 0.023

Eastridge05 0.08 0.87 0.59 0.21 0.043

Ellenden -0.42 0.95 0.47 0.43 0.188

FfriddMathrafal02 0.33 0.83 0.66 0.10 0.009

FfriddMathrafal04 0.14 0.55 0.36 0.11 0.012

GwernDdu01 -0.46 0.36 -0.03 0.19 0.037

GwernDdu04 0.45 0.96 0.77 0.13 0.018

PoleLees02 -0.17 0.62 0.24 0.21 0.046

PoleLees05 0.18 0.64 0.42 0.13 0.016

SpoutFigyn 0.14 0.94 0.65 0.21 0.043

WestBlean01 0.00 0.70 0.26 0.16 0.026

WestBlean02 0.28 0.97 0.77 0.15 0.023

WestBlean03 0.21 0.87 0.63 0.16 0.026

WestBlean04 0.25 0.77 0.51 0.11 0.013
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Figure C.1: Forest plot photos for high deer density sites
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Figure C.2: Forest plot photos for low deer density sites
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Appendix C. Expanded results

Figure C.3: VNVI profiles across zone A with sub-figures divided into

managed (a) and unmanaged (b) plots.
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Appendix C. Expanded results

Figure C.4: Mean and standard deviations of vertical cluster count within

height bands (zone B) for high/low deer density and managed/unmanaged

forest plots.
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Figure C.5: Mean and standard deviations of nearest neighbour within height

bands (zone B) for high/low deer density and managed/unmanaged forest plots.
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Appendix C. Expanded results

C.2 Vertical density profiles

Table C.5: Showing mean values and standard deviation in understorey UDP

across the sub-sections for each plot site. Values are given returns per cm.

plot site

subsections

0 - 50 cm 51 - 100 cm 101 - 150 cm 151 - 200

mean std mean std mean std mean std

Ampfield03 4463 1992 173 106 61 8 28 12

Ampfield04 6549 1489 178 48 96 20 35 13

Bentley03 4302 1165 91 30 32 5 14 4

Bentley04 1611 1466 58 40 20 2 11 5

BigForest03 9657 8333 276 82 113 10 48 8

Blackmoor 2182 1824 137 12 92 9 38 11

BleanHomestall01 3550 2140 276 38 126 7 43 7

BleanHomestall04 2720 1040 377 69 146 19 48 10

BleanHomestall06 3066 2188 323 55 149 18 44 11

EastBlean01 885 858 249 18 163 7 61 13

EastBlean03 6170 3022 572 106 208 34 59 12

Eastridge01 5993 1397 604 107 243 30 80 18

Eastridge05 10398 5478 523 109 184 25 52 14

Ellenden 629 197 239 9 131 6 42 7

FfriddMathrafal02 6055 5072 417 244 150 54 50 14

FfriddMathrafal04 11326 2258 887 221 110 23 34 10

GwernDdu01 9178 2113 110 27 43 11 12 6

GwernDdu04 4495 3432 480 157 180 17 62 10

Haughwood 5727 3344 276 178 78 16 26 12

Hound01 3549 1892 269 11 147 15 56 13

Hound03 651 582 39 6 24 4 10 5

Hound05 6029 2010 236 74 66 8 28 18

Kingswood01 9553 2348 631 285 62 23 42 24

Kingswood10 12002 5649 631 364 153 9 72 18

Langley02 777 257 139 56 65 7 26 7

Langley05 1096 363 159 17 73 6 28 5

LeaPagets03 2142 1129 153 30 69 7 26 4

PoleLees02 6975 2218 946 151 79 22 20 7

PoleLees05 8956 4177 890 207 181 20 70 18

Romers 9903 1714 347 85 137 7 48 4

SpoutFigyn 3076 1104 255 21 130 21 47 11

WestBlean01 4150 2029 281 23 140 20 52 9

WestBlean02 1398 609 249 19 140 13 55 13

WestBlean03 751 577 201 15 101 7 33 7

WestBlean04 1259 734 252 14 145 13 49 8

WyreMain01 9623 2449 129 73 52 3 20 4

WyreMain03 1686 1118 113 37 48 8 17 9

WyreMain04 904 300 223 12 134 9 51 10

WyreNNR01 5544 3495 100 26 46 10 15 7

WyreNNR03 10049 695 189 100 26 3 9 4
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Appendix C. Expanded results

C.3 Extraction of understorey cover and mi-

crotopography

Table C.6: Area estimates extracted at 1 cm resolution show a decrease in 2D

area and an increase in 3D area when compared against estimates extracted

using 5 cm resolution.

plot site
resolution area 2D

(m2)

area 3D

(m2)

volume

(m3)

cover

(%)

Ampfield03 1 cm 285.0 1438.2 42.3 57.0

5 cm 318.3 1270.5 57.8 63.7

Ellenden 1 cm 49.1 421 7.6 9.8

5 cm 56.4 345.5 8.7 11.3

228



Appendix C. Expanded results

Table C.7: Area and volume estimates extracted through terrestrial laser scan

analysis for each plot site.

site name deer

density

understorey area 2D

(m2)

area 3D

(m2)

volume

(m3)

cover

(%)

Ampfield03 High medium 318.3 1270.5 57.8 63.7

Ampfield04 High high 353.4 1505.9 69.1 70.7

Bentley03 High medium 293.2 1166.3 53.8 58.6

Bentley04 High low 218.8 810.6 32.4 43.8

BigForest03 Low medium 373.6 1518.8 65.5 74.7

Blackmoor High medium 233.0 815.4 34.2 46.6

BleanHomestall01 Low medium 263.7 1181.9 44.1 52.7

BleanHomestall04 Low medium 217.4 1147.4 39.0 43.5

BleanHomestall06 Low medium 246.0 1244.3 45.7 49.2

EastBlean01 Low low 104.6 665.0 20.9 20.9

EastBlean03 Low high 277.7 1596.2 54.8 55.5

Eastridge01 Low high 291.8 1740.5 63.2 58.4

Eastridge05 Low high 338.4 1789.7 70.1 67.7

Ellenden Low low 56.4 345.5 8.7 11.3

FfriddMathrafal02 Low high 305.8 1532.7 56.3 61.2

FfriddMathrafal04 Low high 349.1 2272.4 92.0 69.8

GwernDdu01 Low high 400.2 1420.8 80.1 80.0

GwernDdu04 Low high 252.6 1349.2 46.3 50.5

Haughwood High medium 330.3 1359.0 64.1 66.1

Hound01 High low 288.5 958.7 46.1 57.7

Hound03 High medium 190.4 666.8 22.7 38.1

Hound05 High medium 351.0 1868.3 79.4 70.2

Kingswood01 High high 325.2 2006.8 81.3 65.0

Kingswood10 High medium 316.2 1465.9 64.3 63.2

Langley02 High low 106.1 419.6 16.8 21.2

Langley05 High low 153.5 577.1 21.1 30.7

LeaPagets03 High low 238.0 923.9 38.5 47.6

PoleLees02 Low high 324.0 2494.9 90.6 64.8

PoleLees05 Low high 328.3 2236.7 83.6 65.7

Romers High high 365.3 1655.3 80.6 73.1

SpoutFigyn Low medium 249.4 1031.5 39.6 49.9

WestBlean01 Low medium 262.4 1226.1 45.6 52.5

WestBlean02 Low low 195.6 999.5 30.4 39.1

WestBlean03 Low low 132.7 877.5 25.0 26.5

WestBlean04 Low low 175.2 997.3 30.1 35.0

WyreMain01 Medium medium 365.5 1180.5 66.2 73.1

WyreMain03 Medium high 252.2 986.3 41.9 50.4

WyreMain04 Medium low 84.3 284.2 9.2 16.9

WyreNNR01 Medium high 349.9 1160.6 63.5 70.0

WyreNNR03 Medium high 406.9 1884.2 101.8 81.4
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Table C.8: Understorey surface properties for individual plot sites.

site name mean slope mean

curvature

mean std slope

Ampfield03 37.9 15.7 20.6

Ampfield04 43.9 18.9 21.0

Bentley03 35.8 15.6 21.0

Bentley04 25.9 11.3 18.1

BigForest03 41.4 18.7 20.1

Blackmoor 27.8 11.5 19.9

BleanHomestall01 34.8 16.8 21.9

BleanHomestall04 31.3 16.4 21.5

BleanHomestall06 34.6 17.3 21.8

EastBlean01 16.5 11.4 16.3

EastBlean03 40.1 21.5 22.9

Eastridge01 41.9 22.3 22.7

Eastridge05 44.8 22.5 21.6

Ellenden 9.2 6.8 11.5

FfriddMathrafal02 40.0 20.4 21.9

FfriddMathrafal04 50.5 27.8 21.8

GwernDdu01 41.4 16.7 19.1

GwernDdu04 34.7 19.5 22.3

Haughwood 39.8 17.1 20.6

Hound01 32.1 12.9 19.1

Hound03 24.0 10.0 19.7

Hound05 48.1 23.1 21.4

Kingswood01 47.0 25.1 22.2

Kingswood10 39.6 19.7 21.4

Langley02 14.3 7.7 14.7

Langley05 19.1 9.3 17.0

LeaPagets03 29.3 13.5 19.7

PoleLees02 51.2 31.2 23.3

PoleLees05 49.1 27.0 22.0

Romers 44.1 20.9 21.1

SpoutFigyn 30.5 15.3 21.1

WestBlean01 34.3 18.0 21.9

WestBlean02 28.1 15.4 21.8

WestBlean03 21.7 15.0 19.9

WestBlean04 26.4 15.4 21.1

WyreMain01 38.6 14.7 19.6

WyreMain03 31.1 14.1 20.7

WyreMain04 11.3 5.7 14.0

WyreNNR01 37.6 14.1 17.5

WyreNNR03 49.8 22.0 19.8
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Table C.9: The P values provided through ANOVA from the extracted mean

microtopography estimates for the five vegetative groups (where n=8, 3, 11, 3

and 7 for understorey groups 0, 1, 2, 3, 4 and 5 respectively) are reduced when

using a finer scale resolution of moving window. For this reason a 50 cm moving

window was used for the assessment of results.

resolution measure statistic significant F p

50 cm

slope
std yes 5.733 0.00178951

mean yes 8.101 0.00019921

curvature
std yes 4.486 0.00657120

mean yes 4.831 0.00453328

100 cm

slope
std no 2.606 0.05800135

mean yes 8.080 0.00020292

curvature
std yes 3.942 0.01201483

mean yes 4.838 0.00450315

150 cm

slope
std no 1.496 0.23124325

mean yes 8.109 0.00019789

curvature
std yes 3.658 0.01660629

mean yes 3.219 0.02774301

200 cm

slope
std no 1.278 0.30322428

mean yes 8.080 0.00020287

curvature
std yes 3.410 0.02214991

mean yes 3.500 0.01994788

250 cm

slope
std no 1.074 0.38883255

mean yes 8.080 0.00020282

curvature
std yes 3.265 0.02624652

mean yes 3.583 0.01811986
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Béland, Martin, Dennis D Baldocchi, Jean-Luc Widlowski, Richard A Fournier,

and Michel M Verstraete (2014a). “On seeing the wood from the leaves and

the role of voxel size in determining leaf area distribution of forests with

terrestrial LiDAR”. In: Agricultural and Forest Meteorology 184, pp. 82–97.
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Ŕıo, M del, G Schütze, and H Pretzsch (2014). “Temporal variation of compe-

tition and facilitation in mixed species forests in Central Europe”. In: Plant

Biology 16.1, pp. 166–176.

250



References

Ripperda, Nora and Claus Brenner (2005). “Marker-free registration of terres-

trial laser scans using the normal distribution transform”. In: Proceedings of

the ISPRS working group 4.

Roering, Joshua J, Benjamin H Mackey, Jill A Marshall, Kristin E Sweeney,

Natalia I Deligne, Adam M Booth, Alexander L Handwerger, and Corina

Cerovski-Darriau (2013). “Connecting the dots with airborne lidar for geo-

morphic fieldwork”. In: Geomorphology 200, pp. 172–183.

Rooney, Thomas P and Donald M Waller (2003). “Direct and indirect effects of

white-tailed deer in forest ecosystems”. In: Forest Ecology and Management

181.1, pp. 165–176.

Ross, Michael S, Lawrence B Flanagan, and George H La Roi (1986). “Seasonal

and successional changes in light quality and quantity in the understory of

boreal forest ecosystems”. In: Canadian Journal of Botany 64.11, pp. 2792–

2799.

Rosser, Nicholas J, David N Petley, Michael Lim, SA Dunning, and Robert J

Allison (2005). “Terrestrial laser scanning for monitoring the process of hard

rock coastal cliff erosion”. In: Quarterly Journal of Engineering Geology and

Hydrogeology 38.4, pp. 363–375.
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